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ABSTRACT
This thesis describes an investigation of the various properties of cement paste 
and concrete mixes incorporating slag as an ordinary Portland cement (OPC) 
replacement material. Two types of slag were used; a non-commercial air-cooled 
Electric Arc Furnace Steel Slag produced in Libya (LSS) and a widely used 
Ground Granulated Blastfurnace Slag (GGBS). The influence on these properties 
of curing in a Mediterranean (hot, humid) environment or a normal (fog room) 
environment was investigated. Finally, the feasibility of improving the properties 
under investigation by incorporating commercially available chemical activators 
was assessed.
The early age (12-hour) reactivity of the GGBS and LSS particles was found to be 
lower than that of the OPC. However, with increasing age and curing 
temperature, the reactivity of the GGBS and LSS particles increased, leading to 
the formation of a greater volume of hydration products, thus reducing porosity 
and permeability and increased compressive strength in the long-term. The LSS 
particles were found to be less reactive than those of GGBS over the time scale 
investigated. This low reactivity can be attributed to the relatively low glass 
content and the presence of large particles in the LSS.
The investigation concluded that mixes containing 30% or 50% GGBS or LSS as 
an OPC replacement favour hot, humid curing, whereas mixes containing 90% or 
100% OPC favour fog room curing at 20°C. No benefit was found when chemical 
activators where incorporated in mixes containing OPC. However, 100% GGBS 
mixes activated with 3% Sodium Silicate and 4% lime achieved a significant 
proportion of their ultimate compressive strength and microstructural properties 
within a short time period when compared to the 100% OPC control mix. In 
contrast, the less reactive 100% LSS activated mixes generally produced less 
favourable properties.
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CHAPTER 1. INTRODUCTION
Concrete has been used as a construction material in Libya for more than 50 years. The 
discovery of oil in the late 1950’s was followed by the government embarking on 
hundreds of projects to build the infrastructure of the country and to carry out its 
development plans. These projects have greatly contributed to improving facilities and 
services in all fields. However, most of the concrete structures built within the last three 
decades are already showing signs of great distress and deterioration (El-Wefati and 
Labeeb 1990). The main reasons for these defects are not unrelated to the extensive use 
of ordinary Portland cement (OPC) in concrete. This material may suffer rapid 
deterioration in aggressive environments and the cost of repair and maintenance can 
surpass the original cost of construction (Mays 1992).
Reinforced concrete structures often deteriorate much more rapidly in hot climates than 
in temperate regions. This accelerated deterioration is sometimes the result of the 
unavoidable use of poor quality or contaminated materials and the difficulty of achieving 
effective site curing. Due to this shortcoming of conventional Portland cements, an 
intense interest is now focused on the use of novel, high performance materials. The 
main types of these materials, which are widely used in many developed countries, 
include Pulverised Fuel Ash (PFA), Microsilica, Metakaolin and Ground Granulated 
Blastfurnace Slag (GGBS).
It is now well established that good quality, durable concrete may be produced using 
blended Portland cements. The use of such cement in Libya is not well known, nor is 
there any comparative data to enable engineers to reach an informed decision regarding 
the durability and long-term performance of this and other available cement systems. 
However, the need for good quality, durable concrete cannot be over-emphasised for 
countries like Libya, where the estimated need for urban housing stands at about 75,000 
units per annum, (Libyan Ministry of Manufacture 1993). It is important that the long­
term durability of new structures is kept in focus when choosing the materials and 
techniques to be used in the present construction program.
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None of the Portland cement replacement materials mentioned above are produced in 
Libya. However, the country produces more than 27,000 tons of Electric-Are Furnace 
Steel Slag (LSS) per annum as a major by-product of its iron and steel industry (Libyan 
Iron and Steel Company 1998). Hundreds of thousands of tons of the slag are presently 
dumped on a large area of land where it now constitutes a major environmental problem.
An important objective of this research was therefore to examine the possibilities of using 
this waste material in concrete to the benefit of the author’s sponsoring country. This 
was achieved by carrying out an experimental programme investigating the fresh and 
hardened properties of cement paste and concrete mixes incorporating LSS as a Portland 
cement replacement material. These properties were compared with those of 100% OPC 
control mixes and equivalent Portland-blastfurnace slag mixes. The effects of curing in a 
hot, humid environment and the addition of chemical activators were also assessed.
CHAPTER 2. SCOPE AND OBJECTIVES
This research programme is aimed at providing some answers to the technological and 
environmental problems caused by the extensive use of Portland cement concrete in hot, 
humid environments. The research focused on the use of slag as a Portland cement 
replacement material, and its effects on the properties and durability of concrete. These 
properties were assessed in normal and hot, humid curing environments. Two different 
types of slag were investigated, a UK Ground Granulated Blastfurnace Slag (GGBS) and 
an Electric-Arc Furnace Steel Slag produced in Libya (LSS). The main objectives of the 
programme can be summarized as follows:
• To provide comparative data on the fresh, hydration, microstructural and strength 
characteristics of concrete mixes incorporating LSS or GGBS as an OPC replacement.
• To assess and compare the properties and durability of these concrete mixes when 
cured under normal curing conditions (Fog room curing).
• To assess and compare the properties and durability of these concrete mixes when 
cured under a hot, humid environment (Mediterranean climate).
• To assess the feasibility of improving the properties and durability of mixes 
containing LSS or GGBS as an OPC replacement by the addition of chemical 
activators.
These objectives have been achieved by carrying out the following tasks.
Task 1: Literature Review: This task includes a comprehensive review of the
available literature on the use of slag as a cement replacement material and 
its influences on the properties and durability of concrete. The review also 
covers the current state of the art in the area of slag chemical activation.
Task 2: Characterisation Studies: The physical and chemical properties of the
LSS, GGBS and OPC were assessed and compared.
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Task 3: Fresh Properties Evaluation: The setting times and the workability of
the different mixes were assessed by means of the penetration and slump 
test.
Task 4: Hydration Studies: The rate and extent of hydration of the different
mixes incorporating LSS or GGBS as an OPC replacement was evaluated 
using a combination of thermogravimetric (TG) and x-ray diffraction 
(XRD) techniques.
Task 5: Porosity and Pore-Size Distribution Studies: These were evaluated by
vacuum saturation and mercury intrusion porosimetry (MIP) techniques.
Task 6 : Permeability Studies: The chloride permeability indices of various mixes
incorporating LSS and GGBS were evaluated and compared.
Task 7: Density and Strength Evaluation: The saturated surface dry density and
compressive strength of the various mixes incorporating LSS or GGBS 
were evaluated and compared.
Task 8 : Chemical Activation: The feasibility of improving the reactivity of the
GGBS or LSS particles was investigated. The slag was chemically 
activated using a number of alkali activators with different activator 
dosages. The effect of such activation on the properties and durability of 
the concrete was studied.
CHAPTER 3. LITERATURE REVIEW
3.1. GENERAL
Libya lies on the centre o f the southern coast o f  the Mediterranean Sea in North Africa, 
covering an area o f  1,757,000 square kilometres. The Libyan population is about 5.5 
million, 90% o f which live on the coastline (5% o f the total area), the Sahara Desert 
occupying the rest o f the country.
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Due to the lack o f natural barriers, the Libyan climate is greatly influenced by the desert 
to the south and Mediterranean Sea to the north. The south has a hot arid Saharan 
climate whereas the coastline has a moderate Mediterranean climate. Tripoli, the capital 
city and most populated area, has an average yearly maximum temperature and relative 
humidity o f 35.5°C and 85% respectively (Libyan Meteorological Department 1997). It 
follows that concrete structures are subjected to this hot, humid environment, where they 
are more susceptible to deterioration than would be the case in a low temperature 
environment. The Libyan Government is already spending a sizeable sum o f money on 
the maintenance o f deteriorating structures (El-Wefati 1989).
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The scope of this review is to provide a brief survey on the durability of concrete 
structures espeeially in hot (temperature equal to or higher than 35°C), humid 
environments. The review will also survey available literature on methods of producing 
durable concrete. Special emphasis will be placed on the use of iron and steel slags as a 
Portland cement replacement material and their influence on the properties and 
performance of concrete particularly in hot, humid environments.
3.2. DURABILITY OF CONCRETE IN HOT, HUMID 
ENVIRONMENTS
When it is said that a concrete structure is durable it does not mean it has an infinite life, 
nor does it mean the concrete will withstand any action upon it. However, it is essential 
that every conerete structure should continue to perform its intended function, by 
maintaining the required strength and serviceability, during the speeified or traditionally 
expected service life. Durability of concrete can therefore be simply defined as its ability 
to resist weathering action, chemical attack, abrasion, or any process of deterioration 
when exposed to the environment (Neville 1995).
The properties of concrete in hot environments are known to vary from those at normal 
temperatures. The influences of a hot environment on concrete structures start at very 
early ages, during concrete mixing and placing. The temperature of a freshly mixed 
conerete and the surrounding air very mueh influences the fresh concrete workability, the 
setting time, the rate of early hydration as well as the fresh and the hardened properties of 
the concrete (Zitkovic 1992, Scanlon 1993 and Abadjieva 1998).
It has been established that the workability and setting time of freshly mixed concret^ 
decreases considerably through the rapid evaporation of moisture during mixing and 
handling, and the increased rate of hydration of cement due to the elevated temperature 
(Neville 1995 and ACI committee 305-1999). In order to enable satisfactory compaction 
of the concrete, a higher water-cement ratio or higher cement content should be used at 
elevated temperatures than would be used in more moderate climates. Unfortunately, an ^
increase in the water-cement ratio in concrete mixes leads to a higher capillary porosity 
of the hardened concrete, while the increased cement content increases plastic and drying 
shrinkage and therefore the risk of shrinkage crack formation (Zitkovic 1992 & Neville 
1995).
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Furthermore, it is known that rapid evaporation of water, due to high temperature)^ 
aeeelerates plastic shrinkage of concrete, which if restrained leads to cracking. These 
cracks, which are often very fine, are difficult to repair and accelerate the diffusion of 
aggressive agents into the concrete mass, resulting in an enhanced risk of premature 
deterioration (Almussalam et al 1999).
Rapid early hydration, if caused by elevated temperature, further decreases the quality of 
hardened conerete since a less uniform framework of gel and more porous hydration 
products are produced (Zitkovic 1992 and Escalante-Garacia and Sharp 2001). It has 
been established that the 28-day compressive strength of concrete mixed and cured at 
temperatures higher than 20°C is always lower than the corresponding strength of 
concrete mixed and cured at temperatures below 20°C (Zitkovic 1992 & Neville 1995).
Water absorption and water permeability of the hardened concrete, mixed and cured ^ t 
higher temperatures, are very much increased. Work carried out by Zitkovic (19^2) 
shows that both characteristics are twice as high at a curing temperature of 60°C than at 
23°C.
3.3. METHODS OF OBTAINING DURABLE 
CONCRETE
As a result of the large sums of money spent on the repair of deteriorated concrete 
structures, there has been considerable interest in the construction industry on how to 
produce durable concrete. Several publications have addressed this issue (Neville and 
Aïtcin 1998) and major international conferences have been held around the world to 
discuss solutions to deteriorated concrete structures and methods of obtaining durable 
conerete, such as the 1®^ to 5* International Conference on the Durability of Concrete 
organised by the American Concrete Institute (ACI) held in Atlanta 1987, Montreal 1991, 
Nice 1994, Sydney 1997 and Barcelona 2000.
In the following section, the available literature on the most common methods used to 
produce durable conerete is reviewed.
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3.3.1 USE OF HIGH CEMENT CONTENT AND LOW 
WATER-CEMENT RATIOS
It is well known that increasing the cement content or decreasing the water-cement ratiœ 
in concrete mixes leads to a decrease in the porosity and permeability of the cement paste 
and therefore higher resistance to chloride and sulphate attack (Mehta 1980, Mehta and 
Monmohan 1980 and Neville 1995).
3.3.2 IMPROVING THE METHODS AND DURATION 
OF CONCRETE CURING
The method and the duration of curing heavily affect the durability of concrete. It h a ^  
been established that for the same curing method, increasing curing duration increases the ■ 
durability of concrete (Ballim 1993). Work carried out by El-Sakhawy et al (1999) 
shows that the effect of various curing methods and duration on increasing the durability 
of concrete can be categorised in ascending order: air (no curing), liquid membrane^ 
plastic film, wet burlap and freshwater.
3.3.3 USE OF CEMENT REPLACEMENT MATERIALSf 
(BLENDED PORTLAND CEMENT)
Cement replacement materials are inorganic in nature. They were initially introduced 
into the concrete mix because they were cheaper than Portland cement, sometimes 
because they existed as natural deposits requiring little or no processing, and sometimes 
because they were a by-product or waste from industrial processes (Wainwright 1989).
A further incentive to the incorporation of these materials in the concrete mix was due to 
the sharp increase in the cost of energy in the 1970s, since the cost of energy represents a 
major proportion of the cost of the production of cement (Neville 1995).
The blended cementitious material used in concrete always contains Portland cement of 
the traditional variety and one or more cement replacement materials such as, Ground 
Granulated Blastfurnace Slag (GGBS), Pulverised Fuel Ash (PFA), Metakaolin (MK) or 
Microsilica (MS). Its use is known to provide many technical benefits. These benefits 
can include reduced heat evolution, lower permeability, higher strength at later ages, 
decreased chloride ion penetration, and increased resistance to sulphate attack and alkali
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silica reaction (Cabrera et al 1993a and b, Cabrera and Nwaubani 1993 and Nwaubani 
and Lavaly 1998). However, researchers have also warned of the importance of good 
early curing to ensure that the adverse effects of higher rates of carbonation, surface 
scaling and frost attack are minimized (Concrete Society 1991 and Osborne 1999).
All the Portland cement replacement materials have one property in common; they are at 
least as fine as the particles of Portland cement, and sometimes much finer. Their other 
features, however, are diverse. This applies to their origin, their chemical composition, 
and their physical characteristics such as surface texture or specific gravity (Neville 
1995).
The use of these materials to improve the durability of concrete is even more appropriate 
in hot environments (Cabrera et al 1993a). This is due to the fact that increasing the 
cement content, will lead to more serious durability problems associated with the increase 
in the amount of heat liberated by hydration. In addition, the use of slag as a Portland 
cement replacement material in concrete has been found to be of benefit in the 
Mediterranean environment, where chemical resistance to sulphates, chlorides and 
seawater is required.
The next part of the work will review the general characteristics and types of slag. The 
review will also consider the advantages and practical problems of using slag as a 
Portland cement replacement.
3.4. GENERAL CHARACTERISTICS OF SLAG
Slags are by-products of many metal production processes. They are produced from the 
smelting of both ferrous and non-ferrous ores and during the refining process used to 
convert iron into steel.
Man has been smelting metals for many thousands of years. It has been shown in ancient 
documents and recovered iron items that iron has been worked from at least 2000 BC, 
and since that time slags have been produced that are available for processing (Sharp 
1973).
Chemically, slag is a mixture of lime, silica, and alumina, which are the same oxides that 
make up Portland cement but not in the same proportions (Neville 1995). Slag varies
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greatly in composition and physical structure depending on the raw materials and furnace 
practice used in its manufacture and on the methods used for cooling the molten slag 
(Regourd 1986).
Slag may be grouped into two types; non-ferrous slags generated from the production of 
nickel, copper and lead, and ferrous slags produced from the iron and steel industries 
(Sharp 1973).
3.5. FERROUS SLAGS AND THEIR PRODUCTION
Ferrous slags may be divided into two broad classes: those arising from the smelting of 
ores, and those formed during refining of iron into steel. Slag formed while iron is being 
smelted is mainly blastfurnace slag and this is the principal material for which other 
industrial uses have been sought, chiefly owing to the large tonnages constantly being 
generated. These slags may in turn be further divided into those arising from acid iron 
ores, and those from basic iron ores. Steelmaking slags are likewise acid or basic 
depending upon which type of steelmaking process they originated from. Acid Bessemer 
and acid Open-hearth processes etc, which use no lime during refining, yield glassy acid 
slags that are principally iron oxides, silica and very little lime. Basic Bessemer and 
basic Open-hearth, basic arc furnace etc, which use considerable quantities of lime to 
help remove sulphur and phosphorous during the steelmaking, yield basic slags with 
different characteristics (Sharp 1973).
Blastfiimace slag is produced as a by-product during the manufacture of iron in a 
blastfurnace. It results from the fusion of a limestone flux with ash from coke and the 
siliceous and aluminous residue remaining after the reduction and separation of the iron 
from the ore. The operation of the blastfurnace and hence the production of both iron and 
slag is a continuous, rather than batch process, with both materials being produced in 
molten, homogeneous states (Regourd 1986 and Concrete Society 1991).
Steel slag is formed when refining iron into steel in a conversion furnace. It is a batch 
process in which reactions are not always completed, thus resulting in a non-uniform slag 
that could still contain substantial amounts of free calcium and/or magnesium oxide 
(Conjeaud et al 1981). A more modem process (compared to Open-hearth and Bessemer) 
is the use of the Electric-Arc Furnace such as that used by the Libyan Iron and Steel 
Company. The Electric-Arc Furnace is able to produce very precise alloys when
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compared to the older Bessemer and Open-hearth techniques. The Libyan Iron and Steel 
Company produces sponge iron by the direct reduction of iron ore with locally produced 
natural gas. This sponge iron is subsequently converted into steel in an Electric-Arc 
Furnace, which uses an electric arc to heat the raw materials. In addition to sponge iron, 
several other materials are added. These include; steel scrap, fluorspar, limestone and 
dolomite. In addition to the steel, large quantities of slag are also produced (Libyan Iron 
and Steel Company 1998).
Much of the iron and steel slags produced around the world are slowly air-cooled leading 
to the formation of a crystalline product. However, if the molten slag is cooled rapidly, 
for example by quenching with water, a glassy material higher in energy is produced. 
These slags, which are called granulated slags, may have latent hydraulic properties. The 
rapidly cooled slag is then collected, dried and ground to cement fineness in conventional 
cement clinker grinding mills with no further additions (Regourd 1986 and ACI 
committee 266-1987).
3.6. SLAG UTILIZATION AND SLAG CEMENTS
Iron slags can be converted into a number of useful and relatively inexpensive building 
materials. Crystalline slags, which are slowly cooled in air, are suitable to be used as 
road base materials or as coarse aggregate (Mathur et al. 1999). It is not suitable to be 
used as a Portland cement replacement material unless ground extremely finely (Sharp 
1973 and Philleo 1989). However, if the chemical composition of the slag, the furnace 
operation and the efficiency of the granulation plant are all such that the slag can be 
produced in the glassy state, then it is suitable for the production of Ground Granulated 
Blastfurnace Slag (GGBS). This type of slag has latent hydraulic properties and 
therefore can be used as a Portland cement replacement (Wainwright 1989 and Concrete 
Society 1991). On the other hand, a recent study by Mostafa et al (2001) characterizing 
water-cooled slag and air-cooled slag having the same chemical composition shows that 
both slags are hydraulically active. The results also concluded that air-cooled slag might 
be useful in the production of low strength slag cement or other building products.
The intrinsic reactions of GGBS are slow compared to those of Portland cement, 
therefore, for practical purposes the latent hydraulicity must be activated. The most 
common activation technique is blending the GGBS with Portland cement producing 
‘Portland-Blastfumace slag (PBS) Cement’ (Regourd 1986 and Concrete Society 1991).
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Another way of activating the slag is the use of chemical activators where GGBS is used 
as the sole binder producing ‘Alkali Activated Slag (AAS) cement ' (Tailing and 
Brandstetr 1989 and Gluchowski and Runowa 1993).
The first recorded production of Portland-Blastfumace slag cement was in Germany in 
1892, and since the late 1950’s, the use of Ground Granulated Blastfurnace Slag as a 
separate cementitious material added at the concrete mixer with Portland cement has 
gained acceptance in Japan, Holland, China, England, Australia, Germany, France and 
South Africa (ACI committee 226-1987). Currently, in Holland over 60% of all concrete 
contains blastfurnace slag. In Japan about 10 million tonnes of slag cement, against a 
total cement production of 70 million tonnes, are produced annually (Concrete Society 
1991).
Researchers have been investigating the cementitious properties of Alkali activated slag 
since the early 1950’s at the Kiev Institute of Constmction Engineering. In the 1960’s 
and 1970’s this material has been put into use on a larger scale (Gluchowski et al 1993). 
Currently, many researchers are looking into the properties and durability of Alkali 
activated slag cement concrete in Australia (Bakharev et al 1999b and Collins and 
Sanjayan 1999), Canada (Shi and Day 1996a and Gifford and Gillott 1997), China (Wang 
1991), Japan (Nagataki et al 1989), Scandinavia (Gjorv 1989), UK (Wang et al 1994), 
Ukraine (Gluchowski et al 1993), USA (Jiang et al 1997).
On the other hand, steel slag is a very dense, hard material. It cmshes readily to a 
suitable particle shape and produces an excellent aggregate with high cmshing strength, 
low abrasion value and excellent skid resistance (Mathur et al. 1999). Work carried out 
by Luxan et al (2000) on the chemical and mineralogical composition of steel slag found 
no adverse factors for the use of steel slags as building materials. The study shows that 
the contents of MgO, free CaO, sulphides and sulphates are very low and points towards 
volumetric stability. Akinmusum (1991) found that air-cooled steel slags have the 
potential to be used as coarse aggregate or as a soil-stabilizing agent.
There seems to be no consensus in the literature as to the potential use of steel slag as a 
Portland cement replacement material. Work carried out by lonescu et al (2001) 
concluded that amorphous steel slags could be used as a clinker substitute very much like 
the commonly used blastfurnace slag despite the differences in chemical and 
mineralogical composition. Additionally, Ouyang et al (1993) and Wu et al (1999)
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suggest that from a theoretical point of view, steel slag can be regarded as a clinker with 
lower quality and can be used to partially substitute Portland cement. Work carried out 
by Tüfeçi et al (1997) found that steel slag could be used as a partial cement replacement, 
without decreasing the compressive strength significantly. According to Monshi and 
Asgarani (1999), their work confirms the successful production of cementitious materials 
from iron slag, steel slag and limestone. Additionally, work carried out by Conjeaud et al
(1981) concluded that the addition of alumina to steel slag enables useful hydraulic 
properties to be obtained.
Zhang and Qin (1993) concluded that concrete, consisting of a blend of 45% Portland 
cement, 50% steel slag combined with blastfiimace slag and a 5% composite admixture 
as cementitious materials, has satisfactory performance for use as pavement. Wu et al 
(1999) found that the compressive strength of cement pastes containing 50% steel slag 
and PFA could reach 42.5 MPa or even 52.5 MPa in comparison to 51.6 MPa for 
Portland cement paste.
3.7. ADVANTAGES AND PRACTICAL PROBLEMS 
OF USING SLAG CEMENT IN CONCRETE
Slags exist as a waste product of the iron and steel industries. Millions of tonnes of these 
materials are standing in waste yards all over the world. With more of these materials 
produced every day, finding land to dump them on is becoming more difficult. In 
addition, the risk of hazards from compounds leaching into the groundwater is considered 
to be a major threat to the environment. We should also consider that every tonne of 
Portland cement manufactured produces 1 tonne of carbon dioxide, Roy (1999), which is 
released into the environment. In today’s environmentally conscious times any methods 
available to reduce carbon dioxide emissions warrant investigation. Additionally, the 
manufacture of one tonne of Portland cement requires 3,530 kJ of energy as compared to 
1,670 kJ for slags (Regourd 1986). Any reduction in energy costs in cement production 
would produce commercial advantages.
Furthermore, there are certain limitations regarding the durability of Portland cement 
concrete products in harsh environments. Thus, from an environmental and economic 
viewpoint, researchers have been investigating the use of slag as a cement replacement 
material in concrete. Moreover, the properties of concrete incorporating slag have the
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potential for lower permeability, decreased chloride ion penetration, increased resistance 
to sulphate attack and alkali silica reaction, and higher strength at later ages (Byfors et al 
1989 and Osborne 1999).
The low strength at early ages and sensitivity to curing of these slag cement concrete 
mixes, in addition to the availability of slag with desirable properties are the main 
problems facing the use of slag cement (Concrete Society 1991). Additional drawbacks 
to the use of steel slag in cement manufacturing are the presence of free lime, high iron 
oxide content and metallic iron particles (Monshi and Asgarani 1999).
3.8. CHARACTERISTICS OF SLAG AS A 
CEMENTITIOUS MATERIAL
This part of the review focuses on the characteristics of slag as a Portland cement 
replacement material. The review will consider the various factors influencing the 
reactivity of the slag particles. The bulk of the information presented in this section 
refers to GGBS and its cementitious characteristics. Only a limited review was possible 
on the use steel slag as a cementitious material. This is due to the paucity of information 
available in the literature on the use of steel slag as a Portland cement replacement.
3.8.1 CHEMICAL COMPOSITION
The chemical composition of the slag may vary depending upon the nature of the ore, the 
limestone flux and the furnace practice. According to the Concrete Society (1991), the 
major oxide components of slag are lime, silica, alumina, and magnesia. Minor 
components such as sodium, potassium and titanium are also integral parts of the slag 
structure. However, Smolczyk (1980) states that blastfurnace slag never develops free 
oxides such as free FeO, free CaO or free MgO, or the lime rich clinker minerals of 
tricalcium silicate and tricalcium aluminate.
Blastfiimace slag generally contains a small proportion of sulphide, mainly calcium 
sulphide, which decomposes in air to form hydrogen sulphide, giving rise to a perceptible 
odour. The presence of calcium sulphide is not detrimental as long as its concentration is 
not excessive; BS 6699 (1992) limits the total sulphide content of GGBS to 2.0%. Alkali 
metal ions are also present in granulated blastfurnace slag as an integral part of the glass
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structure and consequently the water/soluble alkali content is low (Concrete Society 
1991).
Steel slag is rich in CaO and Si0 2 , however, a high iron oxide content and the presence of 
metallic iron particles makes it less readily usable as a cementitious material than, for 
example, GGBS (Monshi and Asgarani 1999).
A typical chemical composition of a UK GGBS (Concrete Society 1991), Portland 
cement (Soroka 1979) and Steel slag (Mathur et al. 1999) are given in Table 3.1. Their 
position in the Ca0 -Si0 2 -Al203 ternary system is shown in Figure 3.2.
Chemical
Compound
Portland
Cement
GGBS Steel Slag
SiOz 17-25 36 12-18
AI2O3 3-8 IG 2.5
CaO 60-67 40 30-50
MgO 0.1-5.5 8 2-8
Fez O3 + FeO G.5-6.0 0.5 15-30
SO3 1-3 0.2 -
NazO + KzO G.5-1.3 1.1 -
TiOz G.1-G.4 0.6 -
MuzOz - 0.6 8-14
P2O5 G.1-G.2 <0.1 2
Free Lime - - 1-2.5
Table 3.1. Typical chemical composition for Portland cement. GGBS and Steel Slag twt%^
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Figure 3.2. Approximate composition of Portland cement. GGBS and steel slag in CaO-SiO-A1
ternary system, after Mathur et al 1999.
3.8.2 STRUCTURE
The glass content of blastfumaee slag will depend upon the temperature of the molten 
slag prior to quenching, the relative oxide composition and rapidity of quenching. If the 
slag were slowly cooled in air it would form an assemblage of crystalline minerals 
mainly consisting of melilite and merwinite. However, rapid quenching with water to 
produce granulated blastfurnace slag (for use as a cementitious material) results in the 
formation of a slag glass consisting of a network of calcium, silicon, aluminium and 
magnesium ions in disordered combination with oxygen (Smolczyk 1980 and Concrete 
Society 1991).
Unlike granulated blastfurnace slag, steel slag, which is not commonly used as a 
cementitious material, is allowed to cool slowly in air resulting in a predominantly 
crystalline substance. However, the glass content of steel slag has been increased 
artificially in the laboratory by melting and quenching the material (Sharma et al 1997 
and Murphy et al 1998).
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3.8.3 PARTICLE SIZE AND SHAPE
Finely ground slag is very stable even when stored in a moist environment for a long 
period. This is an important advantage in comparison to Portland cement (Tailing and 
Brandstetr 1989). BS 6699 (1992) limits the minimum specific surface area for 
granulated blastfurnace slag to 275 m^/kg, the fineness of grinding may be altered as 
required to offset any periodic variations in slag composition, which may influence its 
reactivity. Granulated blastfurnace slag particles are of an irregular shape, have rough 
textures and are smaller in size when compared to Portland cement particles (Philleo 
1989).
3.8.4 DENSITY
The relative density of GGBS is about 2.9 as compared with 3.10-3.15 for Portland 
cements. The effect of incorporation of GGBS in a concrete mix as an equal mass 
replacement for Portland cement is therefore to cause a small increase in the total 
cementitious powder volume. This may be significant in relation to concrete workability 
(Concrete Society 1991).
3.8.5 COLOUR
After granulation, blastfurnace slag is light brown in colour but subsequent to milling the 
colour becomes very pale, almost white. Freshly made GGBS concrete often has a bluish 
tint due to the formation in the fresh mix of complex iron and/or manganese sulphides. 
This colour fades in a short time as the sulphides are oxidised in air to sulphates and 
should be considered quite harmless (Concrete Society 1991).
3.8.6 HYDRATION CHARACTERISTICS
3.8.6.1 General
Chemically, hydration is the reaction of an anhydrous compound with water, yielding a 
new compound, a hydrate. In cement chemistry, hydration is understood to be the 
reaction of non-hydrated cement, or one of its constituents, with water. This is associated 
with both chemical and physico-mechanical changes to the system, in particular with 
setting and hardening (Odler 1998).
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The hydration of GGBS is similar to that of Portland cement, whereby the pH increases, 
heat is generated and a particle-to-particle cementitious bond develops (Concrete Society 
1991). There is general agreement among researchers that the main product of slag 
hydration is essentially the same as the principal product formed when Portland cement 
hydrates, i.e., calcium silicate hydrate (C-S-H) (ACI committee 266-1987 and Neville 
1995). The intrinsic reactions of GGBS are slow compared to those of Portland cement 
and they require “activation” to initiate hydration, and the availability of a mechanism for 
continuing the hydration process. The potential hydraulic activity of such slags is 
controlled mainly by thermodynamic considerations. The glassy phase, which constitutes 
the bulk of properly granulated blastfiimace slag, is thermodynamically metastable with 
respect to an assemblage of crystalline phases having the same total composition (Roy 
and Idom 1982). Figure 3.3 illustrates schematically the energy relation by means of a 
free energy diagram, in which the lowest free energy state always represents the most 
stable condition. In Figure 3.3a, an exothermic energy release AGi is potentially 
available upon crystallization of the glassy slag to form anhydrous crystalline phases, 
such as akermanite (C2MS2), gehlenite (C2AS), C2S, etc. This illustrates that maximum 
stored energy is available from a slag maintained in its glassy state for potential release 
on hydration. Figure. 3.3b illustrates the situation in the presence of water. A larger free 
energy change AG2 is consequent upon the formation of hydrated phases, both 
crystalline and semicrystalline. However, in both cases energy barriers to crystallization 
or hydration must be overcome before reaction can proceed. They are represented by 
AGai and AGa2, which are essentially free energies for activation. Once activation has 
been achieved a larger amount of energy is released, sufficient to maintain the course of 
the reaction (Roy and Idom 1982).
Activation of slag with Portland cement occurs by the release of alkalis and sulphates 
from the hydration of Portland cement. However, a number of chemicals can also be 
used to activate the slag in clinker free cement as will be discussed in Section 3.8.6.2.4. 
These activators increase the alkalinity of the solution and dismpt the glassy stmcture of 
the slag, leading to the release of more slag reactants and continuing the hydration 
process (Roy 1989).
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Figure 3.3. Schematic free energy diagrams for granulated blastfurnace slag.
after Roy and Idorn 1982.
3.8.6.2 Hydration Rate
As stated above, at ambient temperatures, the hydration reactions of GGBS oeeur more 
slowly than those of Portland cement. The primary factors that influence the hydraulic 
properties of slag cement are discussed below:
3.8.6.2.1 Influence of chemical composition
The chemical composition of slag is an important factor in the evaluation of its hydraulic 
properties due to the formation of different hydration products (Qing-Hua and Sarkar 
1994 and Mostafa et al 2001). The hydraulic activity of slag increases by increasing the 
calcium oxide, magnesium oxide and aluminium oxide contents or decreases with 
increasing the presence of silicon oxide (Smolczyk 1980). BS 6699 (1992) requires that 
the (CaO + Mg0 )/Si0 2  ratio should be greater than 1.0. For optimum hydraulicity the 
CaO/SiOi ratio would need to be around 1.5. However, BS 6699 (1992) limits the 
CaO/SiO] ratio to a maximum value of 1.4 which, when coupled with the maximum 
MgO content of 14%, effectively prevents the risk of formation of both dicaleium silicate 
and perielase (crystalline MgO) which could lead to slag unsoundness if allowed to 
crystallise from the molten slag (Concrete Society 1991). Wang et al (1994) reported that 
slag having a high alumina content results in high early strength, a greater amount of slag 
reacted and was often quick setting. The reactivity of slag, activated by different 
activators, is not particularly relevant to the strength of AAS cement. However, with the
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same activator, the reactivity of slags correlates well with the strength of the AAS 
cement, within a certain range of slag chemical composition. Minor constituents in slag, 
such as P, F, S, Mn and Ti, often have significant influence on slag quality. Tailing and 
Brandstetr (1989) reported that the AI2O3/S1O2 ratio is very important and considered to 
be a quality modulus. Therefore, slags with 12% to 15 % of AI2O3 are preferred. 
Increasing the content of iron oxides decreases the reactivity of the slag.
The composition of steel slag accounts for its lower reactivity when compared to Portland 
cement of the same grade (Shushan and Guilin 1993). Monshi et al (1999) reported that 
steel slag, being high in iron oxides and metallic iron particles, has not been used in the 
cement industry, although it is rich in CaO and S1O2. However, to separate the unwanted 
iron, magnetie separation was used and about 15 % by mass of iron-rich particles was 
collected. Furthermore, Murphy et al (1997) suggest that the valence state of the iron 
oxide present in the slag can significantly influence the cementitious properties of the 
final material when air cooled. When iron oxide is present as FeO (wustite) it can form 
solid solutions, which have no inherent cementitious properties. These solid solutions are 
able to take up to 27% calcium into solution, thus reducing the amount of calcium that 
could combine to form hydraulic tricalcium silicates. In contrast to FeO, Fe203 
(haematite), forms calcium ferrites, calcium aluminoferrites, or goes into solution 
replacing alumina. All of these ferrite minerals are hydraulic in nature. lonescu et al 
(20 0 1 ) concluded that in spite of having an iron content 10 times that of blastfurnace 
slag, amorphous steel slag might be potentially used as a Portland cement replacement 
material in the same way as the commonly used blastfurnace slag. Conjeaud et al (1981) 
found that the addition of alumina to steel slag enables useful hydraulic properties to be 
obtained, when the alumina is combined in the form of calcium alumino ferrite, such that 
the level of alumina in the final slag is of the order of 6 to 15%. Wu et al (1999) reported 
that steel slag with alkalinity factor (A), which is Ca0 /(Si0 2  + P2O5), greater than 1.8 
could be used as a cementitious material. Finally, work by Luxan et al (2000) on the use 
of Electric-Arc Furnace Steel Slag, concluded that the existence of anhydrous calcium 
silicates, especially dicalcium silicate (lamite), may indicate a weak potential for 
hydraulic activity.
3.8.6.2.2 Influence of glass content
It is the high degree of disorder, and hence free energy, in the glass of granulated 
blastfurnace slag that makes it a potentially reactive material. The glass content of the
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slag structure will depend upon the temperature prior to quenching, the relative oxide 
composition and rapidity of quenching. The influence of the glass structure on the 
hydraulic activity of slag has been studied in different ways, but opinions are not always 
in agreement. However, scientists are unanimous on the advantage of having slags as 
disordered as possible. This disorder can be due to minor elements (Na, K, S, P, Ti, F) in 
solid solutions, micro-heterogeneous ranges of different phases and submicroscopic 
crystals of melilites and merwinite (Smolczyk 1980 and Regourd 1986). A report by the 
Concrete society (1991) also suggests that under certain conditions crystalline formations 
(e.g. melilites and merwinite) can form within the glass. If these crystalline formations 
are present as diserete particles they are hydraulieally un-reactive like the crystalline 
minerals in air-cooled slags. However, if they are dispersed, occurring as inclusions 
within glassy particles of microscopic or submicroscopic size, they appear to be 
beneficial to the hydraulicity of the slag. One reason put forward in the case of slags 
containing crystalline inclusions of merwinite is that, since the latter contains no alumina, 
the surrounding melt becomes enriched with alumina as merwinite crystallisation 
proceeds. This leads to an increase in hydraulicity in the surrounding glass. This may 
explain why it has been reported that some slags having relatively low absolute glass 
contents may have greater hydraulicity than others with significantly higher absolute 
glass contents. The report says it is now considered that a high glass particle content 
rather than pure glass content is desirable in a granulated blastfurnace slag. According to 
the Concrete Society (1994). This is reflected in BS 6699 (1992), which sets minimum 
values of 85% for glassy particles and 40% for pure glass particles.
Similarly, researchers have shown that by rapidly quenching liquid steel slag it was 
possible to produce a predominantly glassy material that possessed inherent cementitious 
potential (Murphy et al 1997 and Sharma 1997).
S.8.6.2.3 Influence of fineness
An increase in the slag fineness increases the slag’s hydraulic activity (Osbaeck 1989 and 
Kota et al 1997). Tailing and Brandstetr (1989) reported that the optimum slag fineness 
is 450 m^/kg, with higher fineness increasing the water demand and bringing about too 
short a setting time. Shi and Li (1989) reported that increasing the GGBS fineness above 
400 m^/g had no effect on compressive strength at ages later than 28 days, although 3 and 
7-day strengths were markedly increased up to about 600 m^/kg. However, Gjorv (1989) 
reported that increasing the fineness of slag from 420 to 640 m^/kg significantly improves
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the strength regardless of the age and euring temperature but more so at early ages and 
low temperatures than at later ages and higher temperatures. Wang et al (1994) reported 
that the optimum range of slag fineness should be determined from a comprehensive 
understanding of properties and economics, not only strength. However, if the 
workability and alkali content are kept eonstant, and an optimum range of fineness exists, 
this is 450-650 m^/kg for acid and neutral slags, and 400-550 m^/kg for basic slags. 
However, the results show that using accelerated curing or highly reactive slag will 
reduce the effectiveness of increasing the fineness. The strength increase with increasing 
fineness is more pronounced at early ages (less than 14 days) rather than at later ages.
3.8 .6.2.4 Influence of activator
The intrinsic reactions of slag are slow when compared with those of Portland cement. 
However, when slag is blended with Portland cement, the alkalis and sulphates that are 
released fi*om the hydration of the Portland cement provide the required alkalinity for the 
slag to react. These alkalis and sulphates are said to be activating the slag particles 
(Regourd 1998). Moreover, the finely Ground Granulated Blastfiimace Slag can also be 
activated chemically in a clinker free cement by solutions of sodium or potassium 
hydroxide, carbonate or preferably silicate (Tailing and Brandstetr 1989). Mehrotra et al
(1982) reported that the strength of supersulphated cement, which is produced by 
activating the granulated blastfurnace slag by gypsum (calcium sulphate) in the presence 
of lime, exceeds the Portland cement strength after a few weeks of curing.
Experimentation confirms that variation in the chemical composition among different 
slags results in different hydration products for a given activator. Furthermore, the nature 
of the chemical activator influences the hydration products, and will change the hydration 
process and microstructure formation, which will affect the strength development (Shi 
and Day 1996 and Gifford and Gillott 1997). Shi and Day (1996) have reviewed a large 
number of publications on alkali-activated slag and found that NaOH, NaiCOg and 
NaiSiO] are the most common and effective activators. Moreover, Wang et al (1994) 
reported that the use of waterglass solutions is always the most favourable from the 
strength point of view. However, from an economical viewpoint, the use of alkali- 
containing by-products rather than commercial waterglass may be desirable especially 
under conditions of accelerated curing.
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Strength testing indicates that the optimum dosage of activator was about 3% (by mass of 
NazO), which was valid for most activators. However, the strength of alkali-slag cement 
increased with activation dosage up to 8 % NaiO when hydrated at room temperature, 
especially at early ages (Shi and Day 1996). Results reported by Wang et al (1994) found 
that when the Na2 0  percentage reaches a certain value (depending on slag, activator and 
curing condition), there is no further significant increase in strength at higher dosages, 
and detrimental properties such as efflorescence and brittleness are increased because of 
the effect of more free alkali in the product. In this case, trying to increase the strength 
by increasing the alkali dosage is not recommended from both eeonomic and practical 
points of view. Therefore, the optimum dosage taking all factors into account is most 
likely to be within the range of 3.0-5.5 % Na2 0  by slag weight.
Tailing and Brandstetr (1989) reported their best results with sodium silicate aetivator of 
a silicate modulus (Ms), which is a silicon oxide to sodium oxide weight ratio, within 1 to 
2. A solution with a modulus (Ms) > 2 brings about a rapid setting of alkali activated 
slag concrete mixes, and is preferred only if this property is demanded. Wang et al 
(1994) found that for normal curing and using finely ground GGBS with a Blain fineness 
above 370 m^/kg, the optimum moduli to achieve the highest strengths for AAS concrete 
were 0.75-1.25 for acid slag and 1.0-1.5 for basic slag when waterglass solid content or 
specific gravity of the solutions is kept constant. The addition of high Ms waterglass or 
other alkalis with low solubility in solid form results in low strength because it is diffieult 
to dissolve during the course of hydration. Although waterglass with low modulus and 
NaOH are easier to dissolve, their addition in solid form also results in low strength or 
poor reproducibility of strength because they are hygroscopic. Moreover, solid 
waterglass with Ms < 1.2 is rarely available commercially at a reasonable price, as its 
production greatly reduces the lifetime of refractory furnace linings. Further efforts 
aimed at trying to add alkaline components in the solid state are not recommended from 
strength and economic viewpoints, unless special considerations of other aspects are 
taken into account (Wang et al 1994).
3.8.6.2.5 Influence of curing temperature
The hydration reactions of cements are exothermic. The quantity of heat liberated can 
characterize the overall state of the advancement of the reaction (Regourd 1980). 
Increasing the curing temperature accelerates and increases the amount of heat produced 
by activated slag cement mixes (Shi and Day 1996). Tailing and Brandstetr (1989)
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reported that at elevated temperature, even from 30°C, the strength of the slag cement 
mixes greatly increased. Gjorv (1989) reported a continuous increase in compressive 
strength for activated slag mixes when the curing temperature increased from 20°C to 
60°C. Moreover, Wang et al (1994), show an increase in compressive strength at early 
ages with increasing curing temperature (up to 150°C).
3.8 .6.2.6 Influence of water-cementitious ratio
Increase in the water-cementitious ratio retards the hydration of alkali-sIag cement due to 
the dilution effect of alkaline activator. In NaOH and NazCOg activated slag cement, the 
change in the activation effect caused by the variation in water to slag ratio is caused by 
the change in ionic and anionic concentration. NaiSiOg aetivated-slag cement has a 
higher sensitivity to the variation in water-to-slag ratio than those activated by NaOH and 
Na2C0 3 ; this is mainly due to the change in silicate anion distribution in Na2Si03  
solution (Tailing and Brandstetr 1989 and Shi and Day 1996). Gjorv (1989) reported a 
very rapid strength development by decreasing the water-cement ratio from 0.45  to 0.33 
and increasing the curing temperature from 20° to 60°C for activated slag mixes.
3.8.6.3 Hydration mechanisms
The hydration mechanisms of slag cements will be reviewed in the context of Portland 
cement, Portland-Slag cement and Alkali-Activated Slag cement (AAS).
3.8.6.3.1 Pure Portland cement hydration
Portland cement is composed of a number of compounds that will hydrate in the presence 
of water leading to the setting and hardening of the cement (Odler 1988). These 
compounds are shown in Table 3.2 (Neville 1995).
As Portland cement is a multi-compound system, its hydration involves a number of 
chemical reactions that take plaee simultaneously. The hydration products of the 
individual compounds are, in many cases but not always, similar to those resulting from 
their hydration as part of the Portland eement. It is convenient, therefore, to consider first 
the hydration of the individual compounds and then the cement as a whole.
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Chemical Name
Chemical
Formula
Notation % by Weight
Tricalcium silicate SCaO.SiOz C3S 50
Dicalcium silicate 2 CaO.Si0 2 C2S 25
Tricalcium aluminate 3Ca0.Al20] C3A 12
Tetracalcium aluminoferrite 4 CaO.AI2O3.Fe2O] C4AF 8
Calcium sulphate (gypsum) CaS04 ciSH2 3
Table 3.2. Portland cement main compound composition (wt%). after Neville 1995.
• Hydration of dicalcium silicates and tricalcium silicates (C2S & C3S)
The hydration products of C2S and C3S can be considered to be the same, namely calcium 
silicate hydrate, commonly referred to as C-S-H, and calcium hydroxide (Ca(0 H)2) 
commonly referred to as CH (Jawed et al 1983). Neville (1994) presented an overview 
of these reactions as described by the following equations:
2C3S + 6H ^  C-S-H + 3CH Equation (3.1)
Tricalcium Silicate + Water Calcium Silicate Hydrate + Calcium Hydroxide
2C2S + 4H ^  C-S-H + CH Equation (3.2)
Dicalcium silicate + Water Calcium Silicate Hydrate + Calcium Hydroxide
C-S-H is the main binding agent in cement paste. It is an amorphous material of variable 
composition (Jawed et al 1983 and Richardson and Cabrera 2000). It forms extremely 
small particles of less than I nm in size that makes up about half to two thirds of the total 
volume of the hydrated cement paste, and therefore dominates its behaviour (Jawed et al 
1983). Calcium hydroxide (CH) is a crystalline material, occupying between 20% to
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25% of the total cement paste volume, which forms as thin hexagonal plates, often lO’s 
of nm across which may later merge into a massive deposit (Soroka 1979 and Richardson 
and Cabrera 2000). The pH of saturated calcium hydroxide solution is about 12.6 and it 
is the presence of this surplus CH that helps to buffer the alkalinity of the pore water at 
around this value (Soroka 1979). According to Keck (2001), the CH produced has little 
beneficial effect and may reduce concrete durability. Additionally, it is water-soluble; 
hence it can leach out of the cement matrix, leaving void spaces that allow easier ingress 
of aggressive chemicals.
• Hydration of tricalcium aluminate (C3A)
Jawed et al (1983) state that, of all the minerals present in Portland cement, C3A is the 
most reactive in the presence of water and is believed to have a significant influence on 
the early hydration and rheology of Portland cement paste and concrete. The reaction 
between C3A and water is violent and leads to flash set. This reaction can be controlled 
by the introduction of calcium sulphate in the form of gypsum (CaS0 4 ) blended with 
Portland cement. The hydration product of C3A is calcium aluminate hydrate, commonly 
referred to as C-A-H. The reaction between tricalcium aluminate and water can be 
written (Neville 1994) as:
C3A + 6H —> C-A-H Equation (3 .3)
Tricalcium Aluminate + Water Calcium Aluminate Hydrate
In the presence of sulphate ions, which are supplied by the dissolution of gypsum, an 
insoluble calcium sulphoaluminate, commonly called ettringite, is formed:
C3A + 3CiSH2 + 26H —> C^A 5^ 3H32 Equation (3 .4 )
Tricalcium Aluminate + Gypsum + Water Ettringite
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If the calcium sulphate is consumed before the C3A has completely hydrated, the 
ettringite beeomes unstable and transforms to calcium monosulphoaluminate, as shown 
by following equation:
2 C 3A  +  C^A^^ 3H 32 +  4H  —> SC ^A ^ H 12 Equation (3.5)
Tricalcium Aluminate + Ettringite + Water Calcium Monosulphoaluminate
When the monosulphoaluminate is brought into contact with a new source of sulphate 
ions, then ettringite can reform. This is the basis for sulphate attack in Portland cement.
• Hydration of tetracalcium aluminoferrite (C4AF)
Jawed et al (1983) reported that studies had confirmed that the hydration of C4AF is very 
similar to that of C3A, both in the absence and presence of gypsum, although the 
hydration rate of C4AF is much slower. Moreover, Soroka (1979) reported that C4AF 
reacts with gypsum and CH to produce a solid solution consisting of calcium 
sulphoferrite as well as sulphoaluminate.
• Hydration of Portland cement as a whole
It should be borne in mind that the reactions discussed above do not occur completely 
independently. Portland cement hydration is a complex dissolution-précipitation process 
in whieh the various hydration reactions proceed simultaneously at differing rates and 
influence each other (Jawed et al 1983).
Apart from the competition between C3A and C4AF for sulphate ions, it is important that 
the hydration of C3S must be considered in the presence of soluble sulphates (from 
calcium and alkali sulphates) and sulphoaluminate species from C3A hydration. It is 
known that both of these species can be incorporated into the C-S-H strueture. Also 
gypsum increases the rate of hydration of calcium silicates, by retarding the start of the 
diffusion control stage. However no explanation for this could be found in the literature 
reviewed (Jawed et al 1983).
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According to Jawed et al (1983), the hydration of C3A is modified by the presence of 
C3S. The production of CH will reinforce the retarding action of gypsum on C3A, while 
soluble silicate species probably enter the first amorphous C-A-H precipitates and change 
their properties. The presence of silicate species has been detected in the crystalline 
calcium sulphoaluminates that form from C3A. The production of CH will retard the 
hydration of the ferric phase even more greatly and so the sulphate ions will be largely 
controlled by C3A.
• Portland cement hydration mechanism
According to Soroka (1979), hydration of the calcium silicates takes place when water is 
added to the cement and a supersaturated solution of CH is formed. Sulphate and alkali 
metal ions with small amounts of silica, alumina and ferric oxide are also present in the 
solution. CH and ettringite precipitate out and a dense coating of C-S-H gel is formed on 
the cement grains. This coating and also the coating of ettringite on the C3A grains 
retards further hydration. This retardation explains the dormant period of 1-2 hours 
where the cement paste remains workable. The end of the dormant period is attributable 
to the breaking up of the C-S-H and ettringite eoatings resulting in the eontinuation of the 
hydration process. The volume of the hydration products is more than twice the volume 
of the anhydrous cement. As a result of this increase in volume and the eontinuing 
formation of hydration products, the pores between the cement grains are gradually filled, 
and points of contact are formed causing a stiffness of the paste. As time goes on the 
increasing quantity of these products and the growing number of points of contact restrict 
the mobility of the eement grains, making the paste become rigid. After 24 hours the 
sulphate ions are depleted, alumina and iron oxide containing phases begin to form, and 
the ettringite is converted into monosulphate. The calcium silicates continue to hydrate 
giving at this later stage C-S-H particles having the shape of short fibres. The hydration 
products continue to fill pores and the porosity of the set paste is deereased further.
3.8.6.3.2 Portland-slag cement hydration
The hydration reactions of Portland-slag cement are even more complex than those of 
Portland cement alone. Apart from the primary reactions of Portland cement and slag 
individually with water producing hydrates, there is a secondary reaction between the 
GGBS particles and the Portland cement hydrates. This secondary reaction can be 
considered as pozzolanic (ACI committee 266-1987 and Concrete Society 1991).
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However, it is vital to understand that slag is activated by alkalis and sulphates released 
during the hydration of Portland cement (Concrete Society 1991).
In the Portland-slag cement system, both cements react with water at early ages, 
however, the Portland clinker hydrates more rapidly than the slag (Regourd 1986). 
Portland cement contributes both alkalis (CH, NaOH, and KOH), and to minor extent, 
sulphate. The GGBS contributes CaO, MgO, and AI2O3 in addition to Si0 2  to the 
hydration processes (Concrete Society 1991). Figure 3.4 shows the sequence of 
Portland-slag cement hydration. Studies by Roy (1989) on the composition of the liquid 
phase during cement hydration have been used to explain the hydration sequence. 
Alkaline activators, such as hydroxides, accelerate the dissolution of Si and Al ions by 
breaking the Si-0 and Al-0 bonds in the slag-glass structure. This is followed by the 
precipitation of low-solubility calcium silicate, calcium aluminate and magnesium 
aluminate hydrates due to increased ionic concentration in the liquid phase. According to 
Regourd (1986), in the initial phase of slag hydration, it is the most basic structural 
elements of glass that pass preferentially into solution in the form of (Si207)^' or 
Al(OH)" '^, and following the first precipitation of C-S-H, the dissolution becomes 
congruent, i.e. the chemical composition in the glass is approximately the same as in the 
solution. Furthermore, as the C/S ratio of C-S-H is lower than that of slag and the 
solubility product remains constant, the solution becomes rich in lime and poorer in 
silicate ions. Additionally, the alumina accumulates in the solution up to the beginning 
of the crystallization of the hydrated aluminates, which occurs later in the process.
Roy (1989) states that ‘When gypsum is present, the concentration of Ca and Al ions is 
reduced because they interaet to form the insoluble sulphate-containing phase, ettringite. 
However, at high pH values regardless of the presence of gypsum, the dissolution of Al is 
especially accelerated, which consequently initiates the slag hydration. When the pH of 
the liquid phase reaches approximately 12, where ettringite is formed stably, the 
hydration is most accelerated’. The thermodynamic study of the quaternary system C-S- 
A-H has shown that the hydrated phases that coexist with the aqueous phase in the slag 
paste are limited to three: C-S-H, C2ASH8 and C4AHn, where n is between 13 and 19 
(Regourd 1986). However, this ignores any contribution of MgO, which is known to be 
both present and active in commercial GGBS. Roy (1989) further states that ‘In order to 
maintain active hydration of the slag, it is necessary to supply hydroxyl ions, because the 
amounts of hydroxyl ions along with the calcium ions derived from the slag alone are 
insufficient. A second factor is the formation of an appropriate hydrate structure on the
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surface o f the slag, which also assists in promoting the slag hydration. The formation 
conditions, morphology and erystallinity o f the hydrates depend largely upon the 
concentration o f hydroxyl ions. When the pH o f the liquid phase is kept at approximately 
1 2  and sulphate ions coexist, a well-erystallized calcium sulpho-aluminate hydrate can be 
produced.
C EM ENT S L A G
Ca(OH) ,
c-s-
C E M E N T S L A G
Ca(OH)
C - S - H
Figure 3.4. Model for early and long-term hydration of Portland-slag cement.
after Roy and Idorn 1982
The products o f the hydration o f Portland-slag eement are essentially the same as the 
principal products formed when Portland eement hydrates, i.e., calcium silicate hydrate 
(ACI committee 226-1987). However, Regourd 1986 and Roy 1989 reported the C-S-H 
produced is richer in AI2O3 and MgO. Moreover, additional calcium silicate hydrate is 
formed from the pozzolanic reaction between the slag and the calcium hydroxide 
provided from the hydration o f Portland cement (ACI committee 266-1987). 
Monosulphate (AFm) and related phases have been found in Portland-slag products (Roy
30
Chapter 3: Literature Review
1989). Experimental work carried out by Tomisawa and Fujii (1995) identifies the 
hydration products formed in slag-blended cement as ettringite, CH, C4AH13, AFm and 
C-S-H, which is the same as in Portland cement. However, reduced CH content was 
observed with the use of high slag content.
3.8 .6.3.3 Alkali-activated slag cement
The hydration mechanism of the slag particles in the alkali-activated slag system is 
similar to that in the Portland-slag cement system. However, in this case as Portland 
cement is not present, the alkali necessary for activation has to be added. Jiang et al 
(1997) concluded that the primary mechanism of alkali-slag activation is an attack on the 
SiOi or AbOs-SiO: framework by the hydroxyl ions. According to Tailing (1989), the 
alkali metal ions serve as catalysts in the initial stages of the slag hydration process, and 
also as structure forming agents in the following stages of hardening and strength 
development. In investigating the activation effects of Na2Si03  Qing-Hua and Sarkar
(1994) concluded that Na2Si0 3  has several functions: its anions form calcium silicate gel, 
it promotes the exchange of protons on the slag acidic gel surface, and the Si-O-Si and 
Si-0 bonds are readily attacked to form a sodium silicate colloid and zeolites. Their 
work also shows that the lime addition contributes in accelerating the attack of the acidic 
gel. Strangely, they found that the addition of lime and Na2Si03  in combination lead to a 
slower development of strength than when Na2Si0 3  is used on its own. This apparent 
paradox results from the lime altering the route, by which the silicate hydrate is formed. 
Section 3.11.1.2.
Wang and Scrivener (1995) found that at early ages the hydration products formed in the 
spaces between the slag grains, originally occupied by alkaline solution, indicated their 
formation by a dissolution and precipitation mechanism. However after 5-7 days, dark 
rims up to 0.5-1 pm thick formed around the slag particles, the rims beeoming clearer and 
thicker with aging. The presence of the rims suggests that the slag particles may form 
some in-situ products by a solid-state mechanism at later ages. Furthermore, work 
carried out by Song and Jennings (1999) on the pore solution of NaOH-activated slag 
found that the solubility of Si, Ca, Al and Mg ions are a strong function of the pH. High 
pH increases the concentration of Si and Al, but reduces that of Ca and Mg in the pore 
fluids. This pH-dependent solubility explains why the pH of the mixing solution must be 
higher than pH 11.5 to effectively activate the hydration of GGBS. At a pH lower than 
11.5, the equilibrium solubility of silica is low, and the GGBS simply does not dissolve.
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Beliksky et al (1993) found that in the case of slag aetivated by Na2Si03  solution, the 
disintegration of the slag strueture resulted from the cation exchange reaction between 
calcium ions from the slag and sodium ions from the Na2SiOs. This reaction leads to the 
formation of C-S-H gel and the release of NaOH. Aecording to their experimental 
results, the rate of slag hydration, especially in the initial stage, does not depend on the 
amount of alkali in the solution, but corresponds to the content of silica in the sodium 
silicate. Thus, increasing the Si0 2  content (Ms 1 to 2) leads to an inerease in the slag 
disintegration. Based on a long-term hydration study, they have concluded that the 
process of slag hydration in the presence of Na2Si03  occurs mainly through cation 
exchange rather than alkaline disintegration.
Study by Isozaki et al (1986), Gluchowski and Runowa (1993), Beliksky et al (1993), 
Wang and Serivener (1995), Shi (1997) and Song and Jennings (1999) all support the 
conelusion that the main hydration product o f alkali-activated slag cement is C-S-H with 
low C/S ratio. Song and Jennings (1999) found that the pH o f  the mixing solution has a 
significant effect on the nature o f C-S-H by affecting the chemistry o f the pore solutions. 
A high pH in the pore fluid helps the formation o f C-S-H o f  low C/S ratio and a different 
physical distribution because o f the solubility o f  silica. However, Gluchowski and 
Runowa (1993) state that in addition to C-S-H, the hydration products are composed o f 
calcite, hydrogamets and zeolites. Shi (1997) concluded that the minor products o f 
hydration varied with the activator used; C4A H 13 and C2ASH 8 in NaOH activated paste, 
C3A.CaC0 3 .1 2 H2 0  when Na2COs activated and C4A H 13 when Na2SiOs aetivated. Wang 
and Scrivener (1995) and Song and Jennings (1999) found that a  Hydrotalcite-type phase, 
which is a natural mineral MggAI2CO3(OH) 1 g.4 H2O on a sub-micrometer scale, is formed 
in the pastes activated with NaOH or N a2SiOs. Uniquely, Beliksky et al (1993) found 
that the main hydration products o f Na2SiOs activated slag are C-S-H and Na-C-S-H. 
W ork by W ang and Scrivener (1995) concluded that there appears to be no convincing 
evidence for the existence o f a (M,C)4AHis solid solution as postulated by some 
investigators. Additionally, in the pastes aetivated with NaOH, a crystalline phase o f 
AFm type is formed, this phase can be identified as plates about 0.1-0.2 pm  thick and up 
to 15 pm  in diameter. On the other hand, study by Isozaki et al (1986) identified C-S-H, 
C3A.CaCO3 .H11 and C2ASH 8 as the hydration products o f  28 days NaOH activated slag 
paste. They also did not find any traces o f  CH.
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The next part of work will review the available literature on the fresh and hardened 
properties of concrete mixes incorporating blastfurnace slag or steel slag as a Portland 
cement replacement. The properties of alkali activated blastfurnace slag cement concrete 
will also be reviewed. The review will concentrate on the influence of hot, humid curing 
as compared to normal curing on the various properties of these mixes.
3.9. ENGINEERING PROPERTIES OF PORTLAND- 
BLASTFURNACE SLAG CEMENT CONCRETE
3.9.1 FRESH PROPERTIES
3.9.1.1 Water demand and workability
For concretes with equal slump, lower water contents are required when GGBS is used as 
a Portland cement replacement. The reduction is influenced by the GGBS content, total 
cement content, the particle size distribution of the two powders and the fact that GGBS 
is also less absorptive than OPC (Concrete Society 1991). Wood (1981) and AGI 
committee 226 (1987) suggest that due to the smooth dense surfaces of the slag particles, 
little if any water is absorbed during the initial mixing. Wainwright (1989), suggest a 
reduction of the order of 3% to 5% and thought this to be related to the particle size 
distribution and the smoother surface texture of the slag particles.
Work carried out by Iwai et al (1995) on the temperature effects on variation of slump 
flow (JSCE-1990) with time for concrete containing 75% GGBS cement, found no effect 
of temperature on the slump immediately after mixing. Furthermore, the flow at 20°C 
improved until 90 minutes. However, at 30°C and higher temperatures, the flow 
reduction was large, and after 90 min, results indicated a reduction in flow of about 200 
mm.
3.9.1.2 Setting times
The setting times for mixes containing GGBS are longer than for the equivalent grade 
100% OPC mixes. This delay is mainly due to the slower initial rate of reaction between 
the GGBS and water compared to that of Portland cement. These extended setting times 
are more evident at lower temperatures or when higher levels of GGBS are used as a 
Portland cement replacement (ACT committee 226-1987, Wainwright 1989 and Concrete
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Society 1991). Under typical UK conditions, the initial set is unlikely to be extended by 
more than an hour for concrete with up to 50% GGBS but longer periods may occur at 
higher levels and in the winter. In the summer, when mix temperatures may be 25°C, the 
setting time, may be unaffected (The Concrete Society 1991). BS 6699 (1992) states that 
the initial setting time for the combination of 70% GGBS and 30% OPC shall not be less 
than that for Portland cement when tested in its own.
3.9.1.3 Bleeding
Bleeding is the segregation of water at the surface of concrete due to the settlement of 
solid ingredients (ACI committee 225-1991). The bleeding characteristics of concrete 
are mostly affected by the ratio of the surface area of solid to the unit volume of water. 
Therefore, when slags are used, these effects can be estimated depending on the fineness 
of the slag as compared to that of the cement and the combined effect of the two 
cementitious materials. When the slag is finer than the Portland cement and is substituted 
on an equal mass bases, bleeding is reduced. Conversely, when the slag is coarser 
bleeding may be increased (ACI committee 226-1987). Wainwright and Ait-Aider
(1995) reported that the partial replacement of Portland cement by GGBS leads to a 
reduction in the rate of hydration and an increase in bleeding. These increases were more 
pronounced at higher replacement levels. However, when comparisons are made on the 
basis of equal 28-day compressive strength, replacement with up to 70% of GGBS had no 
significant effect on the bleeding characteristics. Moreover, Wainwright (1989) further 
states that Tt should also be noted that some Portland cement mixes are also more prone 
to bleeding than others’. Furthermore, a recent study by Wainwright and Rey (2000) 
found that the replacement of 55% of Portland cement with slag resulted in an average 
increase in bleeding capacity of about 30%. The results also show that increasing the 
slag content to 85% has virtually no further effect on bleeding above that observed at 
55%. These results are somewhat surprising in view of the earlier findings by 
Wainwright and Ait-Aider (1995), and probably related to the fact that the slag used in 
the recent study was finer.
GGBS concrete has been shown to give less bleeding in hot environments than Portland 
cement concrete. Results reported by Almussalam et al (1999) show that the bleeding of 
GGBS concrete cured in hot environment was in the range of 1.51% to 1.73% whereas 
that for Portland cement concrete was 1.86%.
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3.9.1.4 Heat of hydration and early age thermal cracking
Similar grade concretes containing GGBS have lower heats of hydration than Portland 
cement mixes. The lower heat of hydration reduces the early age temperature rise in 
hardening concretes. Wainwright (1989) states that ‘Increasing the GGBS levels leads to 
a greater reduction in temperature rise’. Tomisawa et al (1992) also found that heat of 
hydration did not decrease proportionally with increasing GGBS content, but decreased 
more rapidly in the range of high GGBS contents, greater than approximately 70%. The 
results also show that the heat of hydration, of blended cements containing 50% or less 
GGBS, increases with the aging. However, the development in heat of hydration with 
age was reduced rapidly when higher GGBS contents are used. Moreover, it is found that 
the heat of hydration and the compressive strength of high slag content concrete increases 
with increasing GGBS fineness. This increase in the GGBS fineness affects the 
compressive strength much more than the heat of hydration. Work carried out by 
Tomisawa and Fujii (1995) concluded that blended cement incorporating a large amount 
of GGBS with high fineness could have the properties of lower heat of hydration and the 
necessary compressive strength for use in mass concrete.
Work carried out by Roy and Idom (1980) on the effects of ambient temperature on the 
heat of hydration of Portland cement and Portland-Blastfumaee slag cement shows that 
as the temperature is elevated, reaction is accelerated, the thermal peak occurs earlier and 
the height of the peak is increased. Furthermore, the results concluded that the effect of 
elevated temperature on the hydration of slag cement is greater than on Portland cement.
3.9.2 HARDENED PROPERTIES
3.9.2.1 Sensitivity to curing
Adverse effects due to poor curing of GGBS concrete are usually more important than in 
comparable grade Portland cement mixes, particularly when high levels are used. This is 
mainly due to the slower hydration rates of GGBS. Thus, it is recommended to extend 
the curing times for GGBS concretes especially in hot environments (Concrete Society 
1991). Furthermore, Neville (1994) states that ‘Prolonged moist curing of concrete 
containing GGBS is particularly important as the initial low rate of hydration results in a 
system of capillary pores that allows the loss of water under drying condition. If this 
happens, continuing hydration cannot take place’. Results by Swamy and Bouikni (1990)
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indicate that continued exposure to a drying environment of inadequately cured slag 
concrete can adversely affect its long-term durability. They also show that even 7 days 
of wet curing is inadequate for high levels of slag replacement if the full strength and 
durability potential of the slag are to be realized.
3.9.2.2 Creep and shrinkage
Creep can be defined as the increase in strain under a sustained stress (Neville 1995). If a 
specimen is drying while under load, it is usually assumed that creep and shrinkage are 
additive. In the case of many actual structures, creep and shrinkage occur 
simultaneously and the treatment of the two together, from the practical standpoint, is 
often convenient (Neville 1995).
There are few data available on the creep and shrinkage of concrete containing GGBS. 
These limited test data show conflicting results. For example, results obtained by 
Tazawa et al (1989) show that the drying shrinkage and creep of concrete containing 
GGBS are smaller than that of Portland cement concrete, when cured under water for 28 
days. Furthermore, Tazawa et al (1989) state that Tn order to decrease the drying 
shrinkage and creep of concrete, sufficient curing and relatively low water-cementitious 
material ratio are required. On the other hand, Wainwright (1989) stated that ‘Shrinkage 
is largely unaffected by GGBS except in a drying environment at early age, when 
shrinkage is increased’. Furthermore, the Concrete Society (1991) reported that the 
shrinkage of GGBS concrete might be appreciably higher when subject to a drying 
environment, even after a curing period of 14 days. Moreover, the effect of the curing 
period on shrinkage of GGBS concretes requires more data (Concrete Society 1994). It is 
believed that the increased shrinkage may be due to the greater volume of paste in the 
concrete when GGBS is substituted on an equal mass basis (ACI committee 226-1987).
The possibility of plastic shrinkage cracking for GGBS concrete cured in hot and/or arid 
environments is enhanced as the environmental conditions encourage the rapid 
evaporation of water (Almussalam et al 1999). This water loss leads to insufficient 
moisture for the pozzolanic reaction to take place resulting in a decrease in the tensile 
strain capacity of the concrete, and ultimately to cracking. The total area of shrinkage 
cracks in concrete containing 50% to 70% GGBS and cured at 45°C and 25% relative 
humidity, was greater than that of Portland cement concrete. Furthermore, Almussalam 
et al (1999) state that ‘the relative humidity influence plastic shrinkage cracking
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significantly in comparison with the effect of the type of cement. Therefore, to avoid 
plastic shrinkage cracking in plain and blended concretes, particularly the latter, the 
environment should be kept adequately moist, especially in a hot environment’.
3.9.2.3 Compressive strength
The partial replacement of OPC with GGBS will reduce the early rate of strength gain. 
This is because of the lower reactivity of GGBS when compared with Portland cement at 
early ages. However, provided adequate moisture is available, the later age strength 
development of GGBS concrete is usually greater than that of Portland cement concrete, 
when designed on the basis of equivalent 28-day strength (Wainwright 1989 and 
Concrete Society 1991). Wimpenny et al (1989) show that the compressive strength of 
slag cement concrete demonstrates an approximately linear reduction with slag 
replacement levels at early ages (between 1 and 7 days). However, at later ages, 40% 
slag mixes often exhibit a disproportionately high strength. Tomisawa and Fujii (1995) 
found that the compressive strength of GGBS cement with 400 m^/kg Blaine fineness and 
about 50% GGBS content is comparable to Portland cement at 28 days. Moreover, the 
compressive strength of blended cement with the same fineness and over 70% GGBS 
content decreases significantly. The results also show that the strength of all mixes with 
more than 50% GGBS content increased with fineness at all ages. Chem and Chang 
(1989) state that ‘the strength development of concrete containing GGBS is more 
sensitive to curing than Portland cement concrete, especially for concrete with high 
GGBS content’. Generally the higher the GGBS content the slower the development of 
strength and the higher the long-term gain at equivalent cement contents and water- 
cement ratios (Wainwright 1989). Furthermore, ACI committee 226 (1987) reported that 
the extent to which slag affects the strength of the concrete is dependent on the reactivity 
of the slag and the ratio at which it is used in the mixture. Additionally, the temperature 
at which the concrete is cured will have a great effect on the strength particularly at early 
ages. Li et al (1998) reported that there are close relationships between the porosity, 
threshold pore radius and the compressive strength of hardened cement pastes containing 
GGBS, regardless of the GGBS fineness and GGBS content. Their experimental results 
show that the compressive strength increases as the porosity of the hardened cement paste 
was reduced. Furthermore, the compressive strength of the hardened cement paste is 
proportional to the reciprocal of the square root of the threshold pore radius.
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Concrete containing slag has been found to respond very well under elevated temperature 
conditions. This is a result of the fact that slag cement commonly has a higher activation 
energy than ordinary Portland cement as reported by Roy and Idom (1982). Results 
reported by Chem and Chang (1989) show that high temperature curing leads to higher 
initial strength increase and lower ultimate strength for GGBS concrete. Concrete made 
with 4.5% or 35% GGBS cured at 35°C and 95% relative humidity, yielded higher 
strength than Portland cement concrete at all ages. However, the strength of 6 8% GGBS 
concrete, which was also greatly activated by temperature increases, was still the lowest 
at all ages. Uomoto and Kobayashi (1989) state that ‘At larger replacement ratios of 
ground slag, moist curing and higher curing temperature is strongly recommended in 
order to avoid the possibility of obtaining poor quality concrete’. Furthermore, their 
experimental work show that the 7 and 28 days compressive strength of samples 
containing 50% and 70% slag increased as the curing temperature was increased from 
20°C to 40°C. However, the long-term strength (180-day) was lower when similar 
samples where cured under the same conditions. Additionally, Wimpenny et al (1989) 
reported that the 70% slag mixes at 1-day show a 3-fold gain in strength as the curing 
temperature increases from 20°C to 40°C. Moreover, the 91-day strength was less 
depressed than that of Portland cement concrete at this elevated temperature. Finally, in 
a recent investigation by Escalante-Garacfa and Sharp (2001) it was concluded that 
around 30°C was the optimum temperature for strength development in blended slag- 
cement paste, this may be due to a more advanced degree of hydration and a denser 
mierostructure with finer distribution of pores.
3.9.2.4 Durability and Microstructure
The durability of concrete is its ability to withstand the rigours of its environment. 
Neville (1994) gives the following definition of durability ‘It is essential that every 
concrete structure should continue to perform its intended function, that is, maintain its 
required strength and serviceability during the specified or traditionally expected service 
life. It follows that concrete must be able to withstand the processes to which it is 
expected to be exposed. Such concrete is said to be durable’. Furthermore, Keck (2001) 
states that ‘in many environments, concrete is subjected only to mild attack. In others, 
attack can be so severe that the concrete structures require repairs, and often replacement, 
in short time’. In the literature concrete durability has been summarized in several ways, 
two examples of which are shown below.
38
Chapter 3: Literature Review
The durability of concrete is an indication of its resistance to the flow of liquids, gasses 
and to the resistance to penetration of ions such as sulphates and chlorides (Wainwright
1989).
The durability of concrete is related to its strength, permeability to liquids and gases, 
resistance to penetration by ions such as sulphates and chlorides and to the phase 
composition of the hydration products. The physical properties are governed by porosity 
and pore size distribution, which in turn, are determined by water-cement ratio, and the 
quantity and distribution of gel produced during cement hydration. The degree to which 
the concrete is compacted during placing and subsequently cured will also have a major 
influence on its permeability (Concrete Society 1991).
The durability of concrete is governed by the mierostructure of the cement paste. The 
cement paste consists of gel and two types of pores. Gel pores, constitute about 28% of 
the paste volume. They are very small (between 1.5 and 3.0 nm in diameter). Capillary 
pores are larger (of the order of 1 pm) and are irregularly distributed throughout the 
cement paste. Since capillary pores represent the remains of originally water-filled 
space, their volume can vary between 0% and 40%, depending on the original water- 
cement ratio and the degree of hydration (ACI committee 225-1991).
The cement paste, as a whole, is 20 to 100 times more permeable than the gel itself. This 
is a result of the fact that water can flow more easily through the capillary pores than 
through the much smaller gel pores. It follows that the permeability of hardened cement 
paste is controlled by its capillary porosity (Neville 1995). Furthermore, the permeability 
of cement paste varies with the progress of hydration. In a fresh paste, the flow of water 
is controlled by the size, shape, and concentration of the original cement particles. The 
permeability decreases rapidly as the hydration progresses because the gross volume of 
gel (including the gel pores) is approximately 2.1 times that of the un-hydrated cement, 
and so the gel gradually fills some of the original water-filled space (Neville 1995).
Concrete containing GGBS has the potential to be more durable than that of Portland 
cement concretes of the same grade. ‘The beneficial effects of GGBS arise from the 
denser mierostructure of the hydrated cement paste, more of the pore space being filled 
with C-S-H than in Pure Portland cement paste’ (Neville 1995). This is a result of the 
continued hydration of the GGBS, which subsequently reduces the porosity and 
permeability of the paste structure, and to the modified chemistry of the cement paste
39
Chapter 3: Literature Review
matrix (Concrete Society 1991). Furthermore, GGBS reacts with CH, produced from the 
hydration of Portland cement, in the presence of water producing more C-S-H that further 
fills the pores of the cement paste. Results by Nakamura et al (1992) show that Portland 
cement concrete consistently gave larger pore sizes and higher total pore volume than 
50% replacement slag concretes. Results reported by Nakamoto et al (1998) show that 
the utilization of GGBS as a replacement for Portland cement created numerous smaller- 
size pores compared with the slag free concrete. However, both of the total porosity and 
mean diameter of pores increased by raising the slag content. The results also show that 
increasing the slag fineness was effective in lowering the porosity of high slag content 
concrete. Tomisawa and Fujii (1995) found that the total pore volume and average pore 
radius decrease with the progress of age regardless of GGBS content and fineness. This 
reflects the development of hydration in GGBS cement. Moreover, their work shows that 
even though the total pore volume of GGBS cement paste was higher than that of 
Portland cement, the volume of pores greater than 75 nm was less. Li et al (1998) 
reported that the GGBS fineness and GGBS content have a significant and beneficial 
effect on the pore structure of hardened cement paste due to the filler effect and high rate 
of hydration of the finer GGBS. Furthermore, their results show that using GGBS with a 
Blaine fineness of llOOm^/kg resulted in a fine hardened cement paste, and satisfactory 
strength at both early ages and in the long-term.
Higher temperature curing has a detrimental effect on the pore volume of Portland 
cement paste whereas the effect is beneficial for cement paste blended with slag. This 
demonstrates the increased hydration of slag particles at high temperature if initial moist 
curing is provided (Mangat and El-Khatib 1992a). Additionally, their experiments show 
that the intruded pore volume of a blended cement paste containing 40% slag air-cured at 
45°C and 25% relative humidity was 94% larger than the paste initially moist cured for 
14 days at the same environment. Moreover, the corresponding intruded pore volume for 
Portland cement paste was 32% larger under the same conditions.
3.9.2.5 Permeability
The permeability of concrete depends on the permeability of the paste as well as that of 
the aggregate and the relative proportions of each. It also depends greatly on placing, 
finishing and curing procedure (ACI committee 225-1991). Moreover, Neville (1994) 
states that ‘The permeability of concrete is not a simple function of its porosity, but
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depends also on the size, distribution, shape, tortuosity, and continuity of the pores’. 
Experimental results by Nakamoto et al (1998) found that the water permeability of high 
slag content concretes was closely related to the porosity over a certain threshold value of 
pore diameter rather than to the mean diameter of pores and the total porosity. According 
to Mehta and Monmohan (1980), irrespective of the age of hydration and water-cement 
ratio, as long as the specimen of hardened cement paste did not contain pores greater than 
0.132pm, its permeability remained insignificantly low.
The permeability of mature concrete containing slag is greatly reduced when compared 
with Portland cement concretes of the same grade (ACI committee 226-1987, Concrete 
Society 1991). The decrease in the permeability of GGBS concrete arises from the 
denser mierostructure of hydrated cement paste. Section 3.9.2.4. Nakamura et al (1992) 
showed that the water permeability diffiasion coefficient in concrete containing 50% 
GGBS was less than half that of Portland cement concrete. Furthermore, results by 
Nakamoto et al (1998) show that the coefficient of water permeability of high slag 
content concrete increased with increasing the slag content.
3.9.2.6 Reinforcement Corrosion
Concrete provides the ideal alkaline environment for reinforcement where a stable film of 
corrosion products forms on the surface of the steel, strongly adhering, which prevents 
further corrosion. The steel is said to be in a passive state. This situation can remain 
indefinitely and requires a certain amount of oxygen and moisture to sustain it (Leeming
1990). Chloride ingress and carbonation can upset the passivity and so allow the 
corrosion of the reinforcement (Leeming 1990).
The use of GGBS in concrete slightly reduces the pH of the pore solution, however, this 
reduction does not have a negative impact on the passivity of the reinforcing steel. 
Moreover, the use of GGBS reduces concrete permeability thus reducing the penetration 
of chlorides, which promote corrosion of steel (ACI committee 226-1987). Furthermore, 
work carried out by Dehghanian (1999) shows that replacement of Portland cement by up 
to 30% slag reduces the corrosion rate and pitting corrosion of steel in concrete. Hope 
and Ip (1987) reported that increasing the slag contents by up to 50% leads to a decrease 
in the corrosion of the steel. Higher electrical resistivity and lower chloride diffiision 
rates were also reported as slag contents increased.
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3.9.2.7 Chloride ingress
The record so far for using Portland cement concrete structures where the environment 
contains chloride has not been good. Where a huge number of these structures are 
already suffering from ‘chloride damage’ the cost of the repair for these structures in the 
UK alone may run into tens of billions of pounds over the next 25 years (Jones 1994). 
Ingress of chloride ions occurs in the pore water. Permeability to water and permeability 
to ions are however, not necessarily synonymous, due to the semi-permeable behaviour 
of cement gel products. Movement of ions in aqueous solution into or through concrete 
will be slower than movement of water, due to the ‘sieve’ effect of the gel (Concrete 
Society 1991).
GGBS concrete is substantially more resistant to chloride penetration by diffusion than 
Portland cement concrete, whether compared on the basis of equivalent cement content or 
grade (Concrete Society 1991). Furthermore, Jones (1994) stated that the chloride 
resistance of concrete could be substantially improved with the use of water-cured 
concrete with at least 45% GGBS cement, and even a poorly cured GGBS concrete has a 
lower coefficient of chloride diffusion value than an equivalent strength, fully water- 
cured, Type I Portland cement. Neville (1994) reported experimental results that show 
the diffusion coefficient of concrete exposed to chloride ions and containing 60% GGBS 
with a water-cement ratio of 0.50, is at least ten times smaller than when the cementitious 
material consists entirely of Portland cement. The increase in resistance to chloride 
diffusion of GGBS concrete is due to the improvement in the mierostructure produced by 
the pozzolanic reaction (Jones 1994).
3.9.2.8 Carbonation
Air contains CO2 that, in the presence of moisture, reacts with hydrated cement. Of the 
hydrates in the cement paste, the one which reacts with CO2 most readily is the CH, the 
product of the reaction being CaCOs, but other hydrates are also decomposed, hydrated 
silica, alumina, and ferric oxide being produced (Neville 1995). In concrete containing 
Portland cement only, it is solely the carbonation of CH that is of interest. However, 
when blended cements are used, the CH becomes depleted by the secondary reactions. 
Section 3.8 .6.3.2. The carbonation of C-S-H is also possible. When this occurs, not only 
is more CaCOs formed, but also the silica gel, that is concurrently formed, has larger 
pores, which facilitates further carbonation (Neville 1995). Carbonation can have some
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positive consequences since the CaCOs produced occupies a greater volume than CH and 
therefore can reduce the porosity. However, carbonation accelerates chloride-induced 
corrosion of reinforcement (Neville 1995).
Osborne 1989 and Jones 1994 reported that GGBS concretes carbonate considerably 
faster than the equivalent Portland cement concrete. Moreover, increasing the slag 
content accelerates the carbonation rate further. Results by Jones (1994) show that the 
carbonation rate of concrete is between 25% and 130% higher in the GGBS concrete, 
even when water curing is allowed for 28 days. Additionally, Jones (1994) stated that the 
reason for this is not clear since there is no apparent mechanism by which the rate of 
carbonation should be higher in GGBS concrete than the equivalent Portland cement 
concrete.
Curing environment has an effect on the concrete’s resistance to carbonation. Jones
(1994) summarizes the effects of five different curing environments on the carbonation 
depth of concrete with and without GGBS. Concrete containing GGBS showed more 
extensive carbonation across the range of environments. Furthermore, air curing at 10°C 
showed the greatest levels of carbonation. Jones (1994) further states that ‘The reason 
why carbonation increases as temperature decreases is not clear, since it would normally 
be expected that a diffusion-based phenomena should obey thermodynamic laws and the 
gaseous flux reduce with temperature. It would, therefore, appear that carbonation in 
GGBS concrete is strongly affected by reaction and is not a simple diffusion process. 
Osborne (1989) also describes a correlation between increased carbonation and curing in 
dry climate for slag cement concrete with high levels of replacements.
3.9.2.9 Sulphate resistance and sulphate attack
Sulphate attack is an external form of deterioration when sulphates leached out of the 
ground, or water high in sulphates, react with the cement matrix to weaken it and cause 
disintegration. Section 3.8 .6.3.1. This is often dealt with by the use of sulphate resisting 
cement low in C3A, or alternatively, by dense high strength concretes with high cement 
content and/or the use of GGBS or PFA as a cement replacement material which 
additionally helps to lower the C3A content (Leeming 1990).
The use of GGBS has generally been found beneficial in improving the sulphate 
resistance of concrete. This is a result of the improved mierostructure and low calcium
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hydroxide content of the cement paste (Neville 1995). However, Mangat and El-Khatib 
(1992b) reported that the pore volume and the pore structure of the paste matrix bear no 
relationship with the sulphate resistance of concrete. Additionally, the improved sulphate 
resistance of high content slag blends could be attributed to the reduced calcium 
hydroxide content in the surface layers which leads to smaller volumes of the expansive 
reaction products with sulphate ions. Work carried out by Cao et al (1997) found that 
the pH of the sulphate solution was an important factor when assessing sulphate 
resistance. A slag content of 80% was found to perform well over a wide pH range. 
Furthermore, the combination of Portland cement with GGBS provides concrete with 
good sulphate resisting properties, provided that the alumina level in the slag is less than 
14%. Alternatively, the C3A content of the Portland cement should not exceed 10% 
(Osborne 1999).
The use of 80% GGBS blend results in higher sulphate resistance than for plain concrete 
under curing condition simulating hot arid climates such as in the Middle East. 
Furthermore, the effects of initial curing at high temperature (45°C) are significantly 
harmful to the sulphate resistance of plain concrete but much less harmful to blended 
cement concrete (Mangat and El-Khatib 1992b).
3.9.2.10 Alkali-silica reaction (ASR)
Alkali-silica reaction (ASR) is a reaction between the hydroxyl ions in the pore water 
within a concrete and certain forms of silica that occur as part of some aggregate. The 
product of the alkali-silica reaction is a gel that absorbs pore fluids and expands; in some 
instances this expansion induces internal stress in the concrete of such magnitude that 
expansion and extensive microcraeking of the concrete occurs. The damage occurs in 
parts of the concrete structure exposed to moisture (Concrete Society 1991).
Higgins and Connell (1995) state that ‘Countless structures throughout the world have 
been constructed using Portland Blastfurnace slag cement. However, ASR in concrete 
containing GGBS is virtually unknown’. Furthermore, Wainwright (1989) states that 
most people would agree that the use of slag in concrete would reduce the expansion due 
to ASR, even though the slag contains alkalis, in some cases to quite a high level. The 
water solubility of the alkalis in GGBS appears to be somewhat lower than that found in 
Portland cement. The extent to which the alkalis contribute to the alkalinity of the pore 
solution is as yet unclear and is still the subject of continuing debate and research’. The
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recommendations of the Concrete Society (1991) suggest that only the water-soluble 
portion of the alkali in GGBS may need to be taken into account. The working party also 
suggests that a combination of 50% or more of GGBS with Portland cement can normally 
be considered equivalent to low alkali cement provided the acid soluble alkalis in both 
the Portland cement and GGBS are less than 1.1%. GGBS is also recommended as a 
means of limiting the reactive alkali content in a mix to 3.0 kg/m^, which is considered 
safe. Experimental work carried out by Higgins and Connell (1995) shows that concrete 
containing GGBS tolerated greater alkali contents without expanding. This effect was 
more pronounced for higher proportions of GGBS. Furthermore, their results also show 
that samples stored at 38°C gave similar expansion behaviour to those stored at 20°C but 
in a shorter timescale, about four times faster.
3.10. ENGINEERING PROPERTIES OF STEEL SLAG 
BLENDED CEMENT CONCRETE
Due to the shortage of literature on properties of steel slag cement concrete, it was 
decided to present all the information available on this material under this section.
Work carried out by Wu et al (1999) found that the compressive strength of cement 
pastes containing 50% steel slag and PFA could reach 42.5 MPa or even 52.5 MPA in 
spite of the fact that the strength of the control Portland cement mix was only 51.6 MPa. 
Shushan and Guilin (1993) found that adding gypsum burnt at 750°C to blended steel 
slag cement shortened the setting time and increased the compressive strength. Li et al 
(1997) investigated the properties of steel slag blended cement concrete; their work 
concluded that the resistance to sulphate attack and ASR is greater than for Portland 
cement concrete. The results also note that the strength of the steel slag concrete 
increased considerably after carbonation; they postulate this is due to CaCOs filling the 
pores. The porosity of steel slag concrete at 7 and 28 days is slightly higher than that of 
Portland cement, however, the pore size distribution is similar in each case. Furthermore, 
it was found that after 3-years curing, steel slag concrete exhibited almost no pores 
greater in size than 100 nm indicating that the hydration continues over a long period. 
According to Wang et al (1993) low heat steel-making slag-blastfumace slag cement has 
been developed that has an adiabatic temperature rise, which is 2°C to 3°C lower as 
compared to a blast furnace slag cement concrete.
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The author has been unable to find any literature detailing the properties of steel slag 
concrete in hot environments.
3.11. ENGINEERING PROPERTIES OF ALKALI- 
ACTIVATED SLAG CEMENT CONCRETE
It has been established in the literature (Section 3.S.6.2.3 and 3.8 .6.3.3) that the finely 
ground granulated blastfurnace slag can be activated chemically in a clinker free cement 
producing alkali activated slag cement (AAS). This part of the review looks at the 
available literature on the fresh and hardened properties of AAS concrete.
3.11.1 FRESH PROPERTIES
3.11.1.1 Workability and water demand
Tailing and Brandstetr (1989) state that finely ground blastfurnace slag is very reactive 
and fresh AAS concrete has a quick slump loss. If rapid hardening is not required 
retarding agents are necessary. It should be noted that the common retarding agents used 
with Portland cement concrete are not suitable for use with slags due to the different 
chemical composition, especially the absence of C3A. Suitable retarders are borates, 
phosphates and slaked lime. Silicate admixtures, particularly in finely powdered form, 
such as fly ash or condensed silica fume, can improve the workability. The addition of a 
small amount of an alkali compound to the dry components exhibits certain retarding and 
plastisizing effects. An increase in the water-cement ratio above 0.5 to 0.6 has a 
retarding effect leading to a decrease in strength, especially the early compressive 
strength (Tailing and Brandstetr 1989).
Douglass et al (1992) found that the water demand for sodium silicate activated slag 
concrete is noticeably lower than that of Portland cement mixes of similar slump. These 
values were in accordance with quantities of water used in concrete incorporating large 
amounts of slag as cement replacement material. Additionally, their results show that 
when the sodium silicate-slag ratio was reduced, less total water was needed to obtain a 
given slump.
Qing-Hua and Sarkar (1994) found that the workability of sodium silicate activated slag 
pastes diminishes as the Na2 0  content increases, and at a fixed Na2 0  percentage, the
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workability is proportional to the amount of the lime added to the mix. Furthermore, 
their work shows that alkali activated slag pastes exhibit thixotropic properties. Thus, its 
rheologieal behaviour depends not only on the activator content, but also on the amount 
of shear applied. Work carried out by Collins and Sanjayan (1999) shows that concrete 
containing slag activated by powdered sodium silicate has minimal slump loss over 2 
hours, whereas concrete containing slag activated by liquid sodium silicate exhibits 
considerably less initial workability and demonstrates significant slump loss over the 
same period.
3.11.1.2 Setting time
According to Wang (1991), alkali-activated slag cement starts to set within 15 minutes 
when making concrete greater than 70 MPa in strength without using an admixture. 
Tailing and Brandstetr (1989) state that the alkali-activated slag concrete must be 
processed within 1 to 3 minutes when soluble glass with a high silicate modulus, or slag 
with fineness greater than 450m^/kg, is used. Qing-Hua and Sarkar (1994) and Bakharev 
et al (1999b) found that the setting times of sodium silicate activated slag pastes are 
shortened if either the waterglass content and/or the Ms value are increased. Douglas et 
al (1991) state that ‘In order to control the setting of NaiSiOg activated mixes, a 1:1 lime 
slurry should be added as a retarder in a proportion of approximately 4% CH with respect 
to the slag’. Qing-Hua and Sarkar (1994) also investigated the effects of lime slurry 
addition on the setting time of waterglass-activated slag pastes. Their results show that 
mixes containing waterglass only exhibit distinct flash sets. This was attributed to the 
silicate gel formed being more coherent when waterglass is added to the mix. According 
Qing-Hua and Sarkar (1994), sodium silicate absorbs CO2 when exposed to the 
atmosphere, its reaction in an aqueous medium can proceed through CO2 as follows:
N aiO .m S iO z +  C O 2 +  n H iO  N aiC O s +  mSiOz.nHzOEquation (3.6)
Sodium Silicate +Carbon Dioxide + Water -^Sodium Carbonate + Hydrated Silicate
However, when lime is also added to the mix, the reaction proceeds in steps as follows:
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N a2 0 .m S i0 2  +  C H  —> N a2 0  (m -1) S1O 2 +  C a 0 S i0 2  +  H 2O  Equation (3.7)
Sodium Silicate + Lime Sodium Silicate + Calcium Silicate + Water
C a 0 S i0 2 +  aq .->  C a 0 S i0 2  aq .+  E q u a tio n  (3.6) Equation (3.8)
Calcium Silicate in Water —> Calcium Silicate in aqueous solution + Equation (3.6)
When the level of lime is optimised, two simultaneous gel reactions are possible: one 
forms CaOSiOi gel according to Equation (3.8), and the other is a silica-rich gel 
(Equation (3.6). Thus, when there is excess lime in aqueous solution, the setting time is 
prolonged. Their work concluded that using lower sodium oxide/lime ratio a longer 
setting might be encountered. Skvara and Kopecka (1997) used sodium lignosulphonate 
as a plasticiser for sodium silicate activated slag concrete. This work concluded that the 
time of initial set decreases with increasing specific surface area of the ground slag and 
with increasing content of waterglass. Furthermore, the time of initial set can be 
controlled over a wide range (of the order of a few minutes to 1-2 days) by adjusting the 
percentage of sodium lignosulphonate.
3.11.1.3 Heat of hydration and early age thermal cracking
Skvara and Kopecka (1997) state that ‘The evolution of heat of hydration for sodium 
silicate slag paste containing sodium lignosulphonate is very small and also very slow 
when compared to that of Portland cement’. Shi (1997) found that Alkali-activated slag 
showed much lower initial heat evolution peaks than Portland cement. Shi and Day 
(1996b) concluded that the heat of hydration of AAS cement varies with the nature and 
dosage of the activators. Heat evolution rate and cumulative heat of hydration of NaOH 
and NaCOs activated slag are lower than those of Portland cement. However, heat 
evolution rate and cumulative heat of hydration of 6% NaiSiOg activated slag are 
equivalent to those of Portland cement, whereas, 8% Na2Si03  activated slag shows higher 
heat evolution rates and total heat evolution during the first 24 hours than those of 
Portland cement. Moreover, the results also show that the cumulative heat of hydration
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of NaOH or NaiSiOg activated slag concrete increases with increasing the activation 
dosage and curing temperature. However, when NaiCOs is used as an activator, dosages 
above 2% show very little change in cumulative heat of hydration. Additionally, 
increasing the water/slag ratio lowers the rate of heat evolution for all activators. Skvara 
and Kopecka (1997) found that the heat of hydration generated from waterglass activated 
slag cement, which contains sodium lignosulphonate as a plasticiser, is very small and 
very slow when compared to that of Portland cement.
3.11.2 HARDENED PROPERTIES
3.11.2.1 Sensitivity to curing
Collins and Sanjayan (1999) investigated the effects of various curing environments on 
the compressive strength. The investigation concluded that alkali-activated slag concrete 
has a great sensitivity to lack of adequate curing. Tailing and Brandstetr (1989) state that 
‘Moist curing is mostly more favourable for alkali-activated slag concrete, and the loss of 
water during dry air storage greatly affects the strength loss’. Furthermore, Shi and Day 
(1999) state that water curing may lead to the leaching out of the alkali activators from 
the specimens, resulting in a reduction in the activating affect.
Tailing and Brandstetr (1989) found that with steam curing for 4 to 6 hours at 90°C, 70% 
to 80% of the 28-day strength could be reached immediately after the treatment, further 
strength development is very slow. Work carried out by Bakharev et al (1999a) on the 
effects of heat curing on the properties of alkali-activated slag concrete, concluded that 
heat-treatment accelerates the strength development at early ages, reduces shrinkage and 
results in a more open mierostructure.
3.11.2.2 Drying shrinkage
Work carried out by Collins et al (1999), Gifford and Gillott (1997) and Douglas et al 
(1992) concluded that alkali-activated slag concrete exhibits greater drying shrinkage 
than Portland cement concrete. However, Bakharev et al (1999a) found that heat 
treatment for 6 hours considerably reduced drying shrinkage in the NaiSiOs and NaOH- 
aetivated slag concrete, making it comparable with the shrinkage of Portland cement 
concrete.
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3.11.2.3 Compressive strength
Tashiro and Yoshimoto (1989) studied the effects of various sodium compounds on the 
strength development of slag cement mortars. Their work concluded that the addition of 
Nal, NaOH and Na2C03  decreases the strength at all ages up to 91 days, except when 
small dosages where used (less than 0.5%). When Na2S0 4  is used, the strength is seen to 
increase at early ages (up to 14 days). However at 91 days, the strength decreased for 
mixes containing 1.0% and 1.5%. Experimental work by Collins et al (1999) found that 
Na2Si0 3  activated slag concrete shows higher strength than Portland concrete at all ages. 
Moreover, the strength of Portland cement concrete levels out between 56 and 91 days, 
whereas Na2Si03  activated slag concrete continues to gain strength. Furthermore, Shi 
and Day (1999) state that ‘Alkali-activated slag can have higher early and later strength 
than high early strength Portland cement (ASTM III) if the correct alkaline activator is 
selected’. Their results also show that Na2Si03  is the most effective activator for the slag 
used in the study. In addition, it was found that the use of lime in Na2Si0 3  activated 
mortars did not show any effect on the compressive strength at 1-day, however, the 
strength decreased by approximately 18% from 1 to 7 days. After 7 days no further 
decrease in strength was observed. Gifford and Gillott (1996) also reported a reduction 
in the compressive strength when lime slurry was added to the alkali-activated concrete 
mixes. The levels of reduction depend on the type of activator used. Work carried out by 
Femandez-Jimenez et al (1999) found the most significant factors affecting the 
mechanical strength of alkali-activated slag concrete, in order of importance are; type of 
alkaline activator, activator dosage, curing temperature and specific surface area. Mixes 
activated with sodium silicate had the highest strength results followed by sodium 
carbonate and sodium hydroxide. However, it was noted at early ages (3 days) that better 
strength results were reached when the slag was activated by sodium hydroxide rather 
than sodium carbonate. This is because sodium carbonate solution has a lower pH, which 
results in a lower activation rate and lower strength development at early ages. 
Conversely, at later ages, strength is lower in the case of sodium hydroxide which was 
attributed to the effect of C0 3 '^ ions leading to the formation to carbonated compounds of 
the type C3A.CaC0 3 .12H2O that increase the mechanical strength. The strength of mixes 
activated with sodium silicate increased with time up to 28 days, however, at 90 and 180 
days they tend to decrease slightly. The work also shows that as activator dosage 
increases, mechanical strength increases within a range. Dosages recommended are 
between 3 and 5% of Na2 0  by weight of slag. Lower values delay the activation process.
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whereas, higher values may lead to efflorescenee and brittleness problems when 
combined with other factors such as slag type, activator type and curing temperatures. 
Additionally, Douglas et al (1992) found that the strength ofNaiSiOg activated concrete 
was higher at all ages when the Ms value was 1.47 as compared to the mixes where the 
Ms was 1.22. Moreover, Wang et al (1994) reported that effects of several factors on the 
strength of alkali-activated slags. The work shows that waterglass solutions with moduli 
of 1-1.5 always gave the best strengths, regardless of curing conditions, type or fineness 
of slag. It also found that far higher strengths are obtained when waterglass is added in 
solution (120 MPa) than when it is added in the solid states (80 MPa). This is because it 
is difficult to dissolve the activator during the course of hydration. In regards to the 
optimum dosages, their work concluded that when the NazO reaches a certain value 
(depending on slag type, activator and curing conditions), there is no fiirther significant 
increase in strength at higher dosage and detrimental properties such as efflorescence and 
brittleness are increased because of the effect of more free alkali in the product. They 
fiirther state that ‘ the optimum dosage taking all factors into account is most likely to be 
within the range of 3.0-5.5% NazO by slag weight. Finally the study investigated the 
compressive strength of different type of slags activated by waterglass and concluded that 
the optimum range of slag finenesses and water-slag ratios was within 400-550 m7kg and 
0.38-0.45 respectively.
Study by Femandez-Jimenez et al (1999) concluded that slag mortars activated with 
sodium hydroxide lead to a constant decrease in strength with the increase of curing 
temperatures for all ages studied. Moreover, when activation was carried out using 
sodium carbonate, increasing the temperature favoured strength development at early 
ages. When sodium silicate is used as an activator, early age strength increased as the 
temperature increases, whereas, at later ages the strength decreased as the temperature 
was increased. However, work carried out by Gjorv (1989) on the activation of 
Norwegian slag by the F-admixture (a combination of alkaline chemicals and sodium 
lignosulphonate), when compared with Portland cement modified with 10% fly ash, 
concluded that increasing the curing temperature from 20°C to 60°C increased the early 
strength development more so for the slag than for the modified Portland cement 
concrete. Long-term strength was increased for the slag where as that of the modified 
Portland cement was decreased. Work by Bakharev et al (1999a) showed that alkali- 
activated slag concrete cured at 70°C, attained strength rapidly and at 1-day exceeded the 
strength for samples cured at normal temperature. Strength development of alkali-
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activated slag concrete during the first 3 hours was more rapid than that of Portland 
cement concrete even when of a higher grade. However, at ages of one month or more 
alkali-activated slag concrete cured at elevated temperature gave the lowest strength. 
Furthermore, the strength of these samples was 35-45% lower than that of alkali- 
activated slag concrete samples cured at room temperature. Tailing (1989) reported that 
the optimum NazO addition has been shown to be between 3-5% by weight of slag 
depending on the requirement for early age strength. At higher temperatures, the 
relationship between the type of slag and activator becomes less important as the slag is 
thermally activated. Moreover, at higher curing temperatures, a high early strength can 
be achieved with lower activator dosages. Additionally, when an alkali-activated slag 
mix has reached a strength level of more than 10 MPa by accelerated curing, the 
subsequent strength increase is rapid even when the specimen is further stored at 20°C.
3.11.2.4 Durability and Mierostructure
The mierostructure of hardened alkali-activated slag pastes is denser that that of Portland 
cement paste. The type of hydration products formed depends on both the slag and the 
activator. When using NaOH or NazSiOs as an activator, due to the high alkalinity of the 
mixture and thereby the low solubility of CH, only low lime silicates and 
aluminosilicates can be formed (Tailing and Brandstetr 1989). Contrary to Portland 
cement hydration, CH, high-lime C-S-H, C-A-H and hydrous aluminosulphates as well as 
gypsum are completely missing in the hydration products of alkali-activated slag cement. 
This is one of the reasons for the good physico-mechanical and chemical properties of 
concrete made with alkali-activated slag cement (Tailing and Brandstetr 1989).
Shi (1997) carried out work on the mierostructure of slag pastes activated by NaOH, 
NazCOs or NazSiOs up to an age of 3 days. At very early ages, more hydration products 
were observed in NaOH activated slag paste than in NazSiOg slag paste. As time 
proceeded, more hydration product formed in the NazSiOg activated slag paste, these 
hydrates show the densest structure at 3 days. Furthermore, the work concluded that the 
main hydration product of the three pastes was C-S-H. However, the minor products 
varied with the activator used; C4AH13 and CzASHg in NaOH activated paste, 
CgA.CaC0 3 .12Hz0  when NazCOg activated and C4AHig when NazSiOg. Wang and 
Scrivener (1995) also concluded that regardless of the activator used, the main hydration 
product is C-S-H with low C/S ratio, and CH was not found in the alkali-activated slag
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pastes. Their work shows that there appears to be no convincing evidence for the 
existence of a (M,C)4AHi3 solid solution as postulated by some investigators. 
Furthermore, it was found that at early ages the hydration products have formed in the 
spaces between the slag grains, originally occupied by alkaline solution. In the pastes 
activated with NaOH, a crystalline phase of AFm type is formed, this phase can be 
identified as plates about 0.1pm -  0.2 pm thick and up to 15 pm in diameter. The work 
also shows that all the hydration products of waterglass activated pastes have a 
homogeneous and amorphous appearance. On the other hand. Study by Isozaki et al 
(1986) identified C-S-H, C3A.CaCO3.Hn and CzASHg as the hydration products of 28 
days NaOH activated slag paste. The study did not find any traces of CH. Furthermore, 
the hydrate structures appeared to be more homogeneous and denser when compared with 
those of Portland cement paste. The results also found that the pore volumes of the 
activated paste in the range of 107 nm to 750 nm pore radii were very much smaller than 
those of Portland cement.
Byfors et al (1989) states that ‘Durability of cementitious materials are known to be 
related to microstructural parameters. Cracks and microcracks open up the materials for 
transport of harmful substances (e.g. COz and Cl' ions) into the concrete. Cracks also 
influence the strength properties, especially the tensile and flexural strengths’. A study 
by Byfors et al (1989) of the durability of slag concrete activated by F-activator found 
that the mierostructure possess a high occurrence of microcraeks that had an obvious 
influence on the flexural strength and the rate of carbonation. The crack width varied 
from sub-micron dimensions up to about 10pm. Unwanted spherical inhomogeneities 
with a high porosity, low strength and contrasting brown colour, having a diameter of 
5mm to 15mm, were also observed in the study. Their presence can be explained due to 
local accumulations of dispersed air. Furthermore, work carried out by Gifford and 
Gillott (1997) on the behaviour of NazSiOg-activated slag concretes during the early 
stages of hardening also shows that generally activated slag concrete exhibits a higher 
crack frequency when compared to Portland cement concrete. However, the work further 
outlines two important characteristics. First, while the Portland cement concrete exhibits 
few wide, long and continuous cracks in a network that crosses the paste fraction from 
particle to particle and along the paste-aggregate interface, the cracks exhibited by the 
activated slag concrete are mainly short narrow cracks radiating from voids with no 
paste-aggregate interfacial involvement. This suggests that interfacial bonding in the 
activated slag concrete mixtures is greater than in Portland cement concrete mixtures.
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whieh is supported by the higher flexural strength of the former. Second, unlike in 
Portland cement concrete, activated slag concrete exhibits numerous large voids, at times 
nearly 1 mm in width, during early hydration that becomes filled later. The voids 
certainly play an important role in the low early strength of activated slag concrete 
mixtures.
Bakharev et al (1999a) found that elevated temperature curing of alkali-activated slag 
concrete leads to inhomogeneity of the mierostructure, localisation of the hydration 
product near slag grains, and resulting coarse pore structure. The rate of reaction was so 
much faster than the rate of diffusion that most of the hydration products remain near the 
slag grains, leaving interstitial space relatively open. More dense precipitates deposited 
at elevated temperature may form a barrier for ion diffusion, thus causing an 
inhomogeneity in the mierostructure.
3.11.2.5 Permeability and chloride ingress
According to Tailing and Brandstetr (1989), the pores in hardened alkali-activated 
concrete are distinctly smaller than those in Portland cement, and the presence of 
capillaries is suppressed. This results in a higher resistance to the migration of solution 
in the hardened concrete. Test results obtained by Douglas et al (1992) on the chloride 
penetration of NazSiOg activated slag concrete indicates its high resistance to chloride ion 
penetration. Furthermore, these results correspond to results obtained for Portland 
cement concrete with a low water-cement ratio.
3.11.2.6 Reinforcement Corrosion
According to Tailing and Brandstetr (1989), the alkali activator ensures the long-term 
alkalinity of the alkali-activated slag concrete that prevents the reinforcement from 
corroding. An investigation by Byfors et al (1989) concerning reinforcement corrosion 
of slag concrete activated by F-aetivator in comparison with Portland cement concrete, 
concluded that the initiation time due to carbonation is shorter, when the comparison is 
based on concretes of equal strength, and the initiation time due to chloride ion 
penetration is much longer when the comparison is based on concretes of equal strength 
or equal water to binder ratio.
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3.11.2.7 Alkali-silica reaction (ASR)
Tailing and Brandstetr (1989) state that ASR in alkali-activated slag cement has not been 
observed’. This is a result of the fact that alkali-activated slag cement is characterized by 
a high slag content and the absence of CH. It is known that slag is an effective retarder 
of ASR in Portland cement concrete. The absence of CH may also be considered as a 
favourable factor reducing the possibility of the occurrence of ASR. However, Wang 
(1995) reviews a number of publications and concludes that more work is needed to 
study the process of ASR in alkali-activated slag cement.
3.12. SUMMARY OF THE LITERATURE REVIEWED
From the review of the available literature on the use of slag as a cement replacement 
material, it was concluded that:
The use of GGBS as a Portland cement replacement and its influences on the properties 
and durability of concrete has been well documented and can be summarised as follows:
• The structure, chemical composition and fineness of GGBS play an important role 
in the potential use of this material as a Portland cement replacement.
• The intrinsic reactions of slag are slow when compared with Portland cement, 
leading to a lower strength development at early ages. However, when properly 
cured the properties of Portland-Blastfumaee slag cement concrete are generally 
superior, in respect of durability and ultimate strength, as compared to those of 
Portland cement concrete.
• The use of Portland-Blastfumaee slag cement concrete has been found to be 
especially beneficial when used in hot, humid environments, due to the increased 
hydration of slag particles at high temperature.
The hydraulic activity of GGBS can be substantially improved using alkali chemical 
activators to the point where GGBS can be used in a clinker-ffee environment, known as 
AAS cement. The main points of interest may be summarised as follows:
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• It has been established that activator type, dosage and curing environment can 
have a significant influence on the fresh and hardened properties of Alkali 
Activated Slag (AAS) cement concrete.
• The most common and effective activators are NaOH, NazCOg and NazSiOg. 
Research has shown the use of NazSiOg solution is always the most favourable 
when considering the development of strength.
• The optimum NazSiOg dosage is most likely to be within the range of 3.0-5.5% 
NazO by weight of slag.
• The ultimate properties of AAS cement concrete are generally superior to those of 
Portland cement or Portland-blastfiimace slag cement concrete. However, it 
should be borne in mind that the fresh properties, slump and setting times, might 
be inferior to those of Portland cement or Portland-blastfumace slag cement 
concrete. This manifests itself in rapid hardening and loss of slump due to the 
high reactivity of the AAS cement.
• The common retarding agents used with Portland cement have been shown to be 
unsuitable for use with AAS cement due to differences in their chemical 
composition. However, additions of lime have successfully been used to improve 
the workability and extend the setting times of AAS concrete.
In the past there was very little interest in the use of steel slag as a cementitious material 
with the result that there is only a small amount of published literature. However, due to 
the large quantities of un-utilized steel slag, some efforts have been made as to the use of 
this material in the construction industry. The majority of the literature has been 
published within the last fifteen years. The main points of interest may be summarised as 
follows:
• There is some evidence as to the potential use of steel slag as a Portland cement 
replacement. However, there is currently no conclusive opinion on the use of this 
material in this way, especially in hot, humid environments.
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• No information was found on the use of chemical activators to aid the utilization 
of this material as a cement replacement.
Finally, the author has been unable to locate any literature dealing specifically with the 
use of Electric-Arc Furnace Steel Slag as a Portland cement replacement material.
In the next part of the work the physical and chemical characteristics of GGBS and LSS 
were evaluated and assessed in order to determine their suitability as a Portland cement 
replacement. An experimental programme was undertaken in order to evaluate the fresh 
and hardened properties of cement paste and concrete mixes containing GGBS or LSS as 
a cement replacement material. The programme also included the study of the influence 
of chemical activators and curing environment on these properties.
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CHAPTER 4. MATERIALS USED: THEIR 
SOURCE AND CHARACTERISTICS
4.1. GENERAL
This chapter describes the source and nature of all materials used during the programme 
of research. It also presents a comprehensive characterization of the physical and 
chemical properties of the cementitious materials used.
4.2. MATERIALS USED
4.2.1 CEMENTITIOUS MATERIALS
Three eementitious materials were used for the purpose of this study (Figure 4.1). Two 
of these, Ordinary Portland eement (OPC) and Ground Granulated Blast Furnace Slag 
(GGBS), are currently produced and marketed as eementitious materials, however, the 
third Eleetric-Arc Furnace Steel Slag produced in Libya (LSS), is not. A brief 
description of each of the materials used is provided below.
mmmmmm
GGBS
Figure 4.1. Physical appearance of the cementitious materials used
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4.2.1.1 Ordinary Portland cement (OPC)
The cement used was a commercial product designated as OPC class 42.5 that complies 
with BS12: 1996, supplied in the UK by Blue Circle Cement Ltd.
4.2.1.2 Ground Granulated Blast Furnace Slag (GGBS)
The GGBS used complied with BS 6699: 1992 and was supplied in the UK by Civil and 
Marine Slag Cement Ltd.
4.2.1.3 Libyan Steel Slag (LSS)
LSS is a non-eommercial air-cooled electric-arc furnace steel slag produced in Libya as a 
by-product of the Iron and Steel Industry. The slag was supplied initially in the form of 
medium size (100mm to 400mm) rocks that needed to be broken down into smaller 
pieces in the laboratory using a Kango Hammer. The broken pieces were then sent to the 
Frodingham Cement Company Ltd to be ground into a powder with a particle size 
comparable to that of OPC. Finally, the slag powder was sieved to pass 600 pm, in order 
to remove any remaining larger particles.
4.2.1.4 Characteristics of the cementitious materials
The physical and chemical characteristics of the OPC, GGBS and LSS used in the 
investigation were assessed using the techniques described in this section. The 
experimental results are presented and discussed below. Standard specifications exist for 
the use of OPC (BS 12: 1996) and the use of GGBS as a cementitious material in 
combination with Portland cement (BS6699: 1992). However, no such specification 
exists for the use of steel slag. In the absence of a specification for LSS, the physical and 
chemical data obtained for this material and its suitability as a cementitious material has 
been assessed with reference to BS6699: 1992, specification for Ground Granulated 
Blastfurnace Slag for use with Portland cement.
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4.2.1.4.1 Physical Properties
The physical characteristics of the cementitious material investigated include relative 
density, specific surface area, particle size distribution and glass contents. The 
experimental results are presented in Table 4.1 and discussed below.
4.2.1.4.1.1 Relative density
The relative density was determined using the Helium Auto-Pycnometer technique. The 
test technique and results are described and presented in Appendix A and are summarized 
in Table 4.1. The results show that the relative density of GGBS is slightly lower than 
that of OPC. On the other hand, LSS has a much greater relative density than OPC. This 
can be attributed to the high iron content of LSS, Section 4.2.1.4.2.1. The effect of 
incorporating LSS in a concrete mix as an equal mass replacement for OPC is therefore 
likely to cause a significant decrease in the total volume of the cementitious powder. 
This decrease will result in a reduced volume of cement paste and an increased water- 
cementitious ratio on a volume basis, as explained in Appendix A, and consequently can 
be expected to affect the properties of the fresh and hardened concrete.
P ro p erty O PC GGBS 1 LSS
Colour (Figure 4.1) Grey White Dark Grey
Relative Density (g/cc)* (Section 4.2.1.4.1.1) 3.181 3.025 3.617
SSA (m^/kg)** (Section 4.2.1.4.1.2) 985 1571 1358
Percentage of Particles between 3 and 30 
|xm***(Section 4.2.1.4.1.3) 62.5 76.4 56.8
Glass Content (%)****(Section 4.2.1.4.1.4) - 98 57
Loss on Ignition (%)*****(Section 
4.2.1.4.1.5)
1.30 1.07 0.53
Table 4.1. Physical properties of the cementitious materials t*Helium Auto-Pvcnomcter. ** BET 
Nitrogen Adsorption. *** Malvern laser diffraction. **** XRD and *****XRFI
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4.2.1.4.1.2 Specific surface area
The specific surface area, SSA, was measured using the BET nitrogen adsorption method 
(Brunauer et al 1938). A certified external testing house^ carried out these experiments. 
The test results are summarized in Table 4.1.
The SSA values obtained in this study were higher than the 275 m^/kg minimum value 
specified for GGBS in BS 6699: 1992 and those values discussed in the literature review. 
Section 3.8 .6.2.3. This is because the BET nitrogen adsorption method of determining 
SSA gives an absolute measurement (Neville 1995). This value is typically two to three 
times higher (Taylor 1997) than the relative SSA determined by the air permeability 
method (Blaine Method) used in BS 6699: 1992.
It can be seen in Table 4.1 that the SSA of the LSS falls between that of GGBS and OPC, 
therefore the grinding and sieving process employed produced a material of acceptable 
SSA in comparison with commercially produced cementitious materials. The results also 
show that the SSA of the GGBS was higher than that of the LSS; this could imply that 
further grinding of LSS may be beneficial in improving its short-term reactivity.
4.2.1.4.1.3 Particle size distribution and morphology
The particle size distribution of these materials was measured using a Malvern (laser 
diffraction particle sizing) series 2600c MasterSizer instrument in the Department of 
Mechanical and Materials Engineering at the University of Surrey. The incremental 
particle size distribution results are presented in Figure 4.2.
The relevant standards for OPC and GGBS, BS12: 1996 and BS 6699: 1992 respectively, 
do not specify any particle size distribution requirements. However, according to Neville
(1995), early strength development is better if  at least 50% of the OPC particles lie 
between 3pm and 30pm with correspondingly fewer very fine and very coarse particles. 
The results obtained in this investigation show that the percentages of particles that lie 
within this range were 62.5, 76.4 and 56.8 for OPC, GGBS and LSS respectively. The 
results also show that LSS has a greater amount of particles larger than 102 pm (6.2%) 
when compared to OPC (1.2%) and GGBS (0.1%). The presence of these large particles
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in the LSS may be detrimental to its use as a eement replacement material, i.e. a 
reduction in the coarse fraction might be beneficial to its short-term reactivity.
0.0
Particle S ize (p ) 100 1000
Figure 4.2. Particle size distribution of the cementitious materials, 
obtained using Malvern series 2600c MasterSizer.
The size and shape o f the un-hydrated OPC, GGBS and LSS particles are shown in the 
Scanning Electron Microscopy (SEM) images presented in Figures 4.3 to 4.5 
respectively. Two levels o f magnification, Ik and 5k, are presented in image A and B 
respectively.
The images show the presence o f relatively large variation o f the particle size for LSS 
when compared to the GGBS, which had a relatively narrow particle size distribution. 
This was also confirmed by the particle size distribution analysis. Figure 4.2.
 ^Micwmeritics, one Micromeritics Drive, Norcross, G A 30093-1877, USA
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Figure 4.3 TAV SEM images of OPC 
particles at IK magnifications
Figure 4.4 (A). SEM images of GGBS 
particles at IK magnifications.
Figure 4.5 lA i SEM images o f LSS 
particles at IK magnifications.
4
Figure 4.3 ('B'). SEM images o f OPC 
particles at 5K magnifications.
Figure 4.4 (BF SEM images of GGBS 
particles at 5K magnifications.
Figure 4.5 (B). SEM images o f LSS 
particles at 5K magnifications.
4 .2 .1 .4 .1 .4 Glass Content
It has been established, Section 3.8 .6.2.2, that the glass content o f a slag has an important 
bearing on its reactivity when used as a eement replacement material. BS 6699: 1992 
specifies a minimum o f 67% glass content for GGBS, however, as previously mentioned, 
there are no such standards for the use o f steel slag.
The glass content o f the GGBS and LSS were determined using x-ray diffraction 
technique (XRD), Section 5.3.2.3. The test results are summarized in Table 4.1 and 
presented in Appendix B.
The results obtained show that the GGBS used has a glass content o f 98% and so easily 
complies with BS 6699: 1992 (specification for glass content). In contrast, the LSS had a 
relatively low glass content, 57%, which is less than the 67% required by BS 6699 
(1992). Due to the reduced glass content in LSS compared to GGBS, it would be 
expected that the latter would make a more suitable eement replacement material. This is
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not surprising, as GGBS is processed (i.e. quenched) in such a way as to produce a high 
glass content.
4.2.1.4.1.5 Loss on Ignition
The loss on ignition at 1025°C as reported in the chemical oxide composition results, 
Section 4.2.1.4.2.1, for GGBS and LSS were 1.07% and 0.53% respectively and these are 
within the 3.0% maximum limit specified by BS 6699: 1992.
4.2.1.4.1.6 Sum m ary of physical properties
It can be concluded that the specific surface area of the LSS used was within acceptable 
limits. The low glass content and the presence of relatively large particles may be a set 
back to the potential use of this material as a cement replacement. However, modifying 
the production method of the LSS by improved quenching and refined grinding processes 
may overcome these drawbacks. Finally, LSS has a high relative density; hence, its use 
as an equal mass replacement for OPC will result in a significant decrease in the volume 
of the cementitious material and consequently affect the properties of the fresh and 
hardened concrete mixes.
4.2.1.4.2 Chemical properties
The chemical oxide composition and the mineralogical composition of the cementitious 
materials used are presented and discussed in this section.
4.2.1.4.2.1 Chemical oxide composition
The results of a full chemical analysis using the x-ray fluorescence technique (XRF), 
which was carried out by a certified external testing house^, are summarized in Table 4.2.
When analysing the results presented the following observations were made.
The chemical oxide composition of the OPC and GGBS were in full accordance with BS 
12: 1996 and BS 6699: 1992 respectively. This is unsurprising as these are commercially 
produced cementitious materials.
CERAM, Queen Road Penkhull, Stoke-on-Trent, ST4 7LQ, UK
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Generally the chemical oxide composition of LSS was in agreement with the values 
expected of a steel slag, as discussed in Section 3.8.1 and presented in Table 3.1. 
However, the A I 2 O 3  and MgO contents of LSS were 6% and 14% respectively. These 
values are higher than the respective values of 2.5% and 2-8% expected for steel slag. 
Additionally, the Mn203 content of LSS is 2.45% that is much lower than the 8-14% also 
expected for steel slag (Mathur et al 1999).
LSS has a very high iron oxide content, 19.51%, when compared to 2.74% and 0.80% for 
OPC and GGBS respectively. The high iron content is a typical characteristic of steel 
slags and is one of the main reasons why they are not commonly used as cement 
replacement materials (Monshi et al 1999).
LSS has very low sulphur content, less than 0.05%, BS6699: 1992 specifies that the SO3 
content should be no more than 2.5%.
The manganese oxide content for LSS was 2.45%, which is slightly higher than the 2.0% 
maximum value specified in BS 6699: 1992. Although outside the limits set in the 
British Standards, this deviation is not thought by the author, to be significantly 
detrimental to the use of LSS as a cement replacement material.
The magnesium oxide content for LSS is 14.31%, which is slightly higher than the 14% 
maximum specified in BS 6699: 1992. The effects of high proportions of this material 
are discussed below when considering the chemical moduli of LSS, as described in BS 
6699: 1992.
CaO + MgO + Si0 2  in LSS consists of 68.83% by mass which is marginally higher than 
the two-thirds, 6 6 .66%, specified in BS 6699: 1992. When comparing the proportions of 
these compounds individually, between those present in GGBS and LSS, it can be seen 
that LSS contains CaO in similar proportions, is low in Si0 2  and high in MgO. The 
interaction between these compounds is very complex and cannot be easily summarised. 
However, it is the ratios in which these compounds are present that may affect the 
usefulness of LSS as a cement replacement material.
(CaO + Mg0 )/(Si0 2 ) was 3.11, which is significantly greater than the minimum value 
(1.0) specified in BS 6699: 1992, and so should not hinder the use of LSS as a cement 
replacement material.
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(Ca0)/(Si02) was 2.25, whieh is greater than 1.4 specified in BS 6699: 1992. The 
implication of this, especially when coupled with the high MgO content (Table 4.2) and 
the crystalline structure of the LSS (Table 4.1), is that there is a greater possibility of 
concrete unsoundness occurring when using LSS as a cement replacement material 
(Monshi and Asgarani 1999). Additionally a high CaO content makes slag granulation 
more difficult (Murphy et al 1997).
The alkalinity factor (A), described by Wu et al (1999) as (Ca0/Si02 + P 2 O 5 ) ,  of LSS is 
2.19. This is greater than the 1.8 minimum specified by Wu et al (1999) in order for steel 
slag to be used as a cement replacement material.
Chemical Compound OPC (%)
G G B S 
% («%,) .
L SS
(% )
Silica (SiOz) 20.31 35.61 16.76
Alumina (AI2O3) 5.04 12.21 6.11
Lime (CaO) 64.84 40.21 37.76
Ferric Oxide (FezOa) 2.74 0.80 19.51
Magnesia (MgO) 1.02 8.80 14.31
Potash (K2O) 0.68 0.46 <0.01
Soda (NazO) 0.11 0.16 0.16
Titania (TiOz) 0.28 0.55 0.93
Phosphorus Pentoxide (PzOs) 0.11 <0.02 0.47
Chromium Sesquioxide (CrzOg) 0.21 <0.01 0.10
Manganese Oxide (MnzOg) 0.07 0.46 2.45
Zirconia (ZrOz) <0.02 0.03 0.04
Hafhia(HfOz) <0.01 <0.01 <0.01
Lead Monoxide (PbO) <0.02 <0.02 <0.02
Zinc Oxide (ZnO) 0.01 <0.01 <0.01
Barium Oxide (BaO) 0.02 0.11 0.05
Strontia (SrO) 0.16 0.08 0.02
Stannic Oxide (SnOz) <0.01 <0.01 <0.01
Cupric Oxide (CuO) <0.01 <0.01 <0.01
Loss on Ignition at 1025°C 1.30 1.07 0.53
Total 96.81 98.41 99.20
Approximate Sulphur Trioxide after 
L.0.1 and fusion (SO3)
2j% 1.94 <0.05
Table 4.2. Chemical oxide composition of the cementitious materials expressed as a percentage.
after CERAMA 2001
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4.2.1.4.2.2 Mineralogical Composition
The mineralogieal eomposition of the erystalline eomponents of the OPC, GGBS and 
LSS used in this investigation were examined using x-ray diffraetion (XRD), Seetion 
5.3.2.3. The XRD traees for these materials are presented and diseussed below.
As expeeted from the literature, Seetion 3.8.6.3.1, the main erystalline eompounds 
identified in the OPC, Figure 4.6, were triealeium silieate (C3S), diealeium silieate (C2S), 
triealeium aluminate (C3A), tetraealeium aluminoferrite (C4AF) and gypsum.
1- T rica ldu rn  S ilica te
2- D ica ld u m  S ilica te
3- T rica ld  urn A lum inate
4- T e traea le ium  A lum inoferrite
5 - G y p su m
5 35
Figure 4.6. Mineralogical composition of un-reacted OPC
The GGBS used was highly amorphous (approximately 98% glass eontent. Table 4.1), 
making it impossible to identify individual eompounds using this method as shown in 
Figure 4.7.
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25 W  30
Figure 4.7. XRD trace of un-reacted GGBS
The LSS was more erystalline than the GGBS (approximately 57% glass eontent, Table 
4.1), henee the XRD peaks were easier to resolve (Figure 4.8). It was possible to identify 
peaks eonsistent with the presenee of triealeium silieate ( C 3 S ) ,  diealeium silieate ( C 2 S ) ,  
magnesium oxide (MgO), iron oxide (Fe203), and triealeium aluminate ( C 3 A ) .  However, 
other peaks were present that eould not be identified by referenee to standard diffraetion 
patterns. This is not unexpeeted as the LSS eomposition and strueture is signifieantly 
different from that of OPC and GGBS. The high iron and magnesium eontent in the LSS 
will suggest the presenee of phases sueh as, akermanite (C2MS2), merwinite (C3MS2) and 
tetraealeium aluminoferrite ( C 4 A F ) .  However, it was impossible to eonelusively identify 
these eompounds.
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1- T n c a la u m  S ilic a te  5 - T rica la u m  A lu m in a te  8- T e traea le ium  A lum inoferrite
2- D iealeium  S iliea te  6 - A k e rm a n ite
3 - M ag n es iu m  O xide  7 - M erv/inite
4- Iron O x ide  q
sm
25 30 2 Ô  35 40 45 50 55 6C
Figure 4.8. Mineralogical composition of un-reacted LSS
4 .2 .1 .4 .2 .3 Summary of the chemical properties
The chemieal analyses eonfirm that the main eomponents in OPC, GGBS and LSS are 
the same. However, it has been established that there are variations in the proportions of 
these eomponents and the mineralogieal compounds present. As stated previously in 
Section 3.8.6.2.1, these variations are likely to influence the rate and the products of 
hydration when slag is used as an OPC replacement.
The preliminary observations made in this seetion would suggest that the chemical 
eomposition of LSS is complex and using this information alone it would be very 
difficult to make predictions regarding its suitability for use as a eement replacement 
material. However, its low glass eontent when compared to GGBS suggests that it will 
be less reactive than the GGBS used in this study. Therefore, it is important to carry out 
an extensive experimental investigation on the use of LSS as a eement replacement 
material.
4.2.2 ACTIVATORS
Three chemical activators were used throughout this investigation. These activators were 
first dissolved in water, at a ratio of 1:1 by weight, before being added to the mix in 
slurry form.
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4.2.2.1 Sodium Silicate
The Sodium Silicate (NaiSiOg) used was manufactured and supplied by CROSFIELD 
Ltd under the brand name Pyramid P40. According to CROSFIELD Ltd (2000), Pyramid 
Soluble Powders are forms of solid sodium silieate that are soluble in water under normal 
conditions. They are produced by spray-drying sodium silicate solutions in such a way 
that about 20% water remains in the solid.
PYRAMID P40 powder has a silicate modulus (Ms), a silicon oxide to sodium oxide 
weight ratio, of 2. The influence of Ms on the fresh and hardened properties of cement 
paste and concrete were reviewed in Sections 3.8.6.2.4 and 3.11.2.3. The physical and 
chemical properties of PYRAMID P40 are summarized in the Tables below.
Sodium Silicate Powder: PYRAMID P40
Mean wt ratio: Si02/Na20 2.00
Mean Mol ratio: Si02/Na20 2.06
Mean Na20 % 27.00
Mean Si02 % 53.00
Mean total solids (approx.) % 80.0
Bulk Density g/litre 400-500
Table 4.3. Characteristics of PYRAMID P40. after CROSFIELD Ltd 2000
Physical and Chemical Properties
Physical State Solid
Colour White
Odour Odourless
pH Strongly alkaline
Melting Point (°C) >1000
Flash Point (PMCC) (°C) Not applicable
Solubility in Water (kg/m )^ Completely soluble
Auto-flammability (°C) Not applicable
Dust Explosion Data Not applicable
Table 4.4. Physical and Chemical properties of PYRAMID P4Q. after CROSFIELD Ltd 2000
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4.2.2.2 Calcium hydroxide
Fisher Seientific UK Ltd supplied the Calcium hydroxide (CH) powder used, the 
chemical composition of which is shown in Table 4.5.
4.2.2.3 Sodium Carbonate
Fisher Scientific UK Ltd also supplied the Sodium Carbonate (NaiCOg) powder used. 
The chemical composition of this alkali activator taken from the container label can be 
seen in Table 4.5.
4.2.3 SUPERPLASTICISER
Superplasticisers are water reducing agents that are often used to make concrete stronger 
by lowering the water-eement ratio, or to increase the workability of standard mixes 
without affecting the water-eement ratio (Aïtcin et al 1994). According to a report by the 
BRE (2000), superplasticiser can reduce the water content by up to 30% whilst retaining 
the same workability. These materials are water-soluble organic polymers that are the 
product of complex polymerisation processes. The molecules within these polymers are 
long and of a high molecular mass. These molecules keep the cement particles properly 
deflocculated and therefore in a full state of dispersion (Aïtcin et al 1994).
The superplasticiser used throughout this investigation was SIKAMENT 10 (SIO). A 
description of this material follows.
4.2.3.1 SIKAMENT 10 (SIO)
SIO is a vinyl copolymer based formaldehyde-free superplasticiser that contains 
approximately twice the proportion of solid material as melamine-based superplasticisers, 
40% solids as opposed to 20%. This makes them either twice as effective as melamine- 
based superplasticisers, per unit weight, or allows smaller quantities of superplasticiser to 
be used to achieve a given workability. According to the manufacture the use of SIO 
produces no measurable change in the setting and hardening characteristics of a normal 
concrete (Sika Ltd 1996).
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The manufacturers of SIO, Sika Ltd, recommend that the most effective dosage rates 
should be found by site trials of specific mixes. As a guide, an addition rate of 0.8-1.5% 
by weight of cementitious material (0.4-0.7 litres per 50kgs) is recommended for flowing 
concrete and 0.6-1.2% (0.30-0.60 litres per 50kgs) for high strength concrete. SIO 
complies with BS 5075: Part 3, and ASTM C 494, Type A and F (Sika Ltd 1996).
Composition CH NazCOs
Assay (dried) > 95.00% > 99.50%
Sodium (Na) <0.05% -
Calcium (Ca) - < 0.05%
Copper (Cu) <0.01% < 0.002%
Iron (Fe) < 0.05% < 0.002%
Lead (Pb) <0.01% < 0.002%
Magnesium (Mg) < 0.50% <0.01%
Potassium (K) < 0.20% < 0.02%
Zinc (Zn) <0.10% <0.01%
Total Sulphur (S) <0.10% < 0.02%
Total Chloride (Cl) <0.10% < 0.02%
Total Phosphorous (P) < 0.05% < 0.005%
Total Silicon (Si) < 0.50% < 0.02%
Table 4.5. Chemical Composition of Calcium Hydroxide and Sodium Carbonate.
after Fisher Scientific UK Ltd
4.2.4 AGGREGATES
Thames Valley aggregates in the form of flint gravel of 10 mm maximum size were used 
as coarse aggregates. Alluvial sand with a grading complying with the limits for medium 
sand was used as fine aggregate for concrete purposes. Both materials were supplied by 
“Hall and Co. Ltd”. The typical absorption values (at the saturated, surface dry 
condition) for the aggregate and the sand were 3.0% and 1.9% respectively.
4.2.5 DISTILLED WATER
According to Neville (1994), impurities in water may interfere with the setting of the 
cement, may adversely affect the strength of the concrete or cause staining of its surface 
and may also lead to corrosion of the reinforcement. For these reasons, the suitability of
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water for mixing and curing purposes should be considered. Neville (1994) further states 
that ‘Mixing water should not contain undesirable organic substances or inorganic 
constituents in excessive proportions. However, no standards explicitly prescribing the 
quality of mixing water are available, partly because quantitative limits of harmful 
constituents are not known, but mainly because unnecessary restrictions could be 
economically damaging’.
Distilled water prepared in the University of Surrey Concrete Laboratory was used 
throughout the investigation for mixing and curing.
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CHAPTER 5. EXPERIMENTAL DETAILS AND
PROCEDURES
5.1. MIX DESIGN
5.1.1 GENERAL
The different cement paste mixes were prepared with a constant Water-Cementitious 
ratio of 0.4. Whereas, the concrete mixes were prepared in accordance with the Building 
Research Establishment design of normal concrete mixes (1997). A detailed mix design 
is shown in Appendix C. The following parameters were used throughout the 
investigation:
• A constant free water-cementitious ratio of 0.4,
• A 400 kg/m^ cementitious content, and
• A cementitious: sand: coarse aggregate ratio of 1: 2.2: 2.4.
A simple approach has been adopted which involves partial replacement of the Ordinary 
Portland Cement (OPC) used in the 100% OPC control samples (Mix O), with an equal 
weight of GGBS (Mix G) or LSS (Mix L). The levels of OPC replacement were 10%, 
30% 50% or 100%.
The following notation was used in identifying the various mixes. A numeric prefix was 
used to denote the OPC replacement level and a letter suffix indicate the replacement 
material. For example 30G describes a mix containing 30% GGBS and 70% OPC, 
whereas 50L describes a mix containing 50% LSS and 50% OPC. This is shown 
schematically below:
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loG
5.1.2
The letter O, G or L 
indicates the cementitious 
material used:
O 100% OPC 
G Mix containing GGBS
L Mix containing LSS
The number represents the 
OPC replacement level:
10%, 30%, 50% or 100%
CEMENT PASTE MIXES
Cement paste mixes were used in the preliminary stages of the study in order to have an 
understanding of the fresh behaviour and hardened properties of the materials under 
investigation. These pastes were also used in the evaluation of the setting times, 
hydration and microstructural characteristics. Table 5.1 summarizes the proportions (by 
weight) of the cement paste mixes.
Paste mix proportions, by weight
Materials MixO
Mix
lOG
Mix
30G
Mix
50G
Mix
lOOG
Mix
lOL
Mix
30L
Mix
50L
Mix
TOOL
OPC 1.0 0.9 0.7 0.5 - 0.9 0.7 0.5 -
GGBS - 0.1 0.3 0.5 1.0 - - - -
LSS - - - - - 0.1 0.3 0.5 1.0
Free Water 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
5.1.3
Table 5.1. Cement paste mix proportions, by weight
CONCRETE MIXES
Table 5.2 summarizes the concrete mix proportions (by weight). These proportions were 
used to assess the slump, porosity, permeability density and compressive strength of the 
various mixes.
It was decided that high workability mixes (90 mm ±15  mm slump) were required. To 
facilitate this, SIO superplasticiser was used. The properties of SIO are presented in 
Section 4.2.3.1. The dosage used ranged from 0.75% to 1.5% by weight of cementitious
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material. This does not exceed the maximum level (0.5%) specified by manufactures 
(Sika 1996).
Paste mix proportions, by weight
Materials Mix ! Mix O i lOG
Mix
30G
Mix
50G
Mix
lOOG
Mix
lOL
Mix
30L
Mix
50L
Mix
lOOL
OPC 1.00 0.90 0.70 0.50 - 0.90 0.70 0.50 -
GGBS - 0.10 0.30 0.50 1.00 - - - -
LSS - - - - - 0.10 0.30 0.50 1.00
Fine Aggregates 2.21 2.21 2.21 2.21 2.21 2.21 2.21 2.21 2.21
Coarse Aggregates 2.39 2.39 2.39 2.39 2.39 2.39 2.39 2.39 2.39
Free Water 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40
Table 5.2. Concrete mix proportions, by weight.
5.1.4 ACTIVATED MIXES
In the literature it was stated that the intrinsic reactions of slag are slow when compared 
with Portland cement. However, chemical activators can be used to substantially 
improve the slags hydraulic activities.
In view of the above and the preliminary investigation, the following parameters were 
set:
• Mixes containing 30% OPC replacement levels (i.e. mixes 30G and 30L) 
exhibited acceptable strength development after 7 days, in the preliminary 
investigation. Therefore, it was decided to investigate the possibility of 
improving their strength gain at early ages (i.e. up to 7 days) and investigate the 
consequential effect on the setting times, slump, hydration and microstructural 
characteristics of the mixes,
• The two chemical activators used were NaiSiOg and Na2C0 3 . NaOH was not 
used in this investigation due to the fact that the hydroxyl ions were already 
provided by the hydration of OPC. These activators were added in the following 
dosages 8%, 5%, 3% and 1%.
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• Mixes containing 100% GGBS or LSS (lOOG or lOOL) were also activated using 
NaiSiOg. The activation dosages for these mixes were 10%, 8%, 5% or 3%.
Finally, 2% or 4% lime (CH) was added to the activated 100% GGBS or LSS mixes 
in order to increase the workability and reduce the risk of flash setting.
The mix proportions of the activated cement and concrete mixes were the same as those 
presented in Tables 5.1 and 5.2 respectively. The activation dosages were calculated 
with respect to the weight of the replacement material and amount of NaiO present in the 
activator, as explained in Appendix C. CH addition was also calculated with respect to 
the weight of the replacement material.
The notation used for these mixes was more complicated than that used for the un­
activated mixes. An example of this notation is 30G-3C this indicates a mix that contains 
30% GGBS, 70% OPC and 3% NaiCOg, whereas 100L-5S-4CH this indicates a mix that 
contains 100% LSS, no OPC, 5% NaiSiOg and 4% CH. This is shown schematically 
below:
30G-3S-4CH
The Number represents the OPC replacement 
level. 30% or 100%
The letter A, G or L indicates the cementitious 
materials used.
O 100% OPC
G Mix containing GGBS
L Mix containing LSS
Shows the % CH used
Shows the % and type of activator used.
S For NazSiO] and
C For NazCOa
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5.2. SAMPLE PREPARATION AND CURING
Enough material to allow two sets of samples to be made was mixed in accordance with 
BS 1881: Part 125: 1986. After mixing, samples were east into the moulds in accordance 
with BS 1881: part 108: 1983. To protect the samples from moisture loss whilst 
hardening one set of samples were left in a fog room, maintained at a constant 
temperature of 20°C ± 2°C and 99% relative humidity. The second set of samples were 
covered with wet hessian cloth and polythene bags and left for 24 hours in a hot room 
that was temperature controlled at 35°C ± 2°C. All samples were de-moulded 
approximately 24 hours later.
Two curing regimes were adopted in this study. The first set of samples were left to cure 
in the fog room until tested. For the purpose of this study this will be referred to as 
curing regime A. The second set of samples were cured for 28 days in a hot water tank, 
maintained at a constant temperature of 35°C ± 2°C, these samples were cured under 
water rather than in a fog room due to the practical difficulties associated with providing 
a fog room environment at this high temperature. The differences between curing under 
water or in a fog room should not be reflected in the results obtained due to the fact that 
both regimes minimise water loss during the curing period. After 28 days the samples 
cured at high temperature were transferred into an environment controlled at 35°C ± 2°C 
and 80% ±5%  relative humidity to replicate a Mediterranean environment until tested. 
For the purpose of this study this will be referred to as curing regime B. In order to 
minimise the risk of activator leakage from the activated samples cured under regime B, 
they were left to cure for 28 days in the hot water tank inside sealed plastic bags, with a 
small quantity of water introduced before sealing took place. After 28 days, these 
samples were subjected to the same simulated Mediterranean environment as the un- 
aetivated samples (curing regime B).
5.3. TEST PROCEDURES
The fresh and hardened properties of the mixes were tested using standard experiments 
whenever it was possible and are described below.
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5.3.1 FRESH PROPERTIES
Using the following test techniques the behaviour of the freshly mixed material was 
assessed:
5.3.1.1 Vicattest
The setting times for the various cement paste mixes were determined using the Vicat test 
technique as described in BS EN 196: Part 3: 1995. However, rather than using this 
technique to assess and establish the suitability of a cementitious material, the technique 
was used to assess and compare the setting times of the various paste mixes studied.
Initial set was determined by allowing a needle of 1.13 ± 0.05 mm diameter and cross 
sectional area of 1 mm^ to drop under its own weight after being brought into contact 
with the surface of the cement paste. This process was repeated at 10-minute intervals 
until the needle no longer penetrated to within 5 mm of the bottom of the mould. The 
period between the addition of water to the cement and the time at whieh the needle 
ceases to penetrate beyond 5 mm is defined as the ‘initial setting time’.
Final setting time was determined in the same manner as initial setting time, however a 
different needle was used. This needle also has a cross section al area of 1 mm^ but was 
fitted with a metal attachment that projects 0.5 mm from the centre of a circular cutting 
edge and is 5 mm in diameter. When released the needle and the cutting edge made an 
impression on the surface of the soft paste. Final setting was achieved when only the 
needle made sueh an impression, i.e. without the 5 mm ring. The final setting time is 
defined as the period between the time of water addition and the time to the final set.
This technique was only used to assess the setting properties of the mixes activated with 
different percentages of NazSiOs. This is because variation in the setting properties of 
the different mixes started to become a concern only when activation was used. A 
summary of the results is presented in Section 6.1.1 as the average of two values.
5.3.1.2 Slump test
The workability of the concrete mixes was assessed using the slump test. This test is an 
empirical technique that is used to obtain a comparative measure of workability for
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freshly mixed concrete. This technique is especially useful for assessing the fresh 
properties of medium to high workability concretes, in the region of 15-175 mm slump 
(Neville 1994).
The slump test was carried out in accordance with BS 1881: part 102: 1983, for all 
concrete mixes. The test was performed as soon as possible after mixing, always within 
10 minutes. These results are presented in Seetion 6.1.2 as the average of two slump 
measurements.
5.3.2 HYDRATION CHARACTERISTICS
5.3.2.1 General
This part of the investigation concentrates on evaluating the hydration characteristics of 
slag-based cement by determining the rates of reaction, the degree of hydration and the 
products of hydration. The investigation will also identify any pozzolanic activity and its 
extent when GGBS or LSS are used as an OPC replacement. Finally, the investigation 
will determine the effects of activation on the hydration characteristics of the 
cementitious materials.
In this investigation, two of the most widely used techniques are employed in studying 
the reactivity of both GGBS and LSS and identifying their hydration products. These 
techniques are the thermogravimetric analysis (TG) and the x-ray diffraetion analysis 
(XRD).
5.3.2.2 Thermogravimetric Analysis (TG)
• Experimental Technique
Thermogravimetric analysis depends on measuring the dynamic weight loss from a 
sample as it is heated at a controlled rate. It is a widely used quantitative technique in 
evaluating the hydration products of cement pastes. This technique is based on the 
assumption that chemical reactions or decomposition of a given material usually occur 
within a fixed temperature range. Volatiles sueh as water of hydroxylation or 
crystallization, or gasses are given off resulting in change in weight of the test sample. 
This enables quantitative identification of the minerals or compounds known to
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decompose within defined temperature ranges. A typical thermogravimetric apparatus is 
therefore designed to measure the weight change as a function of temperature whilst the 
substance is subjected to a controlled temperature programme. The TG curves were 
obtained by plotting weight versus temperature (Nwaubani 1990).
Figure 5.1 shows a typical TG curve for a 14-month old Portland cement paste. The step 
at 425”-550“C is due primarily to decomposition of CH, and its height probably affords 
the best available method for determining this phase (Taylor 1997 and Bland and Sharp 
1990). The weight loss below the CH step is due to the decomposition of C-S-H and the 
hydrated aluminate phases. However, using TG curves alone, it is difficult to distinguish 
between these phases due to a combination of low crystallinity and the presence of other 
phases. The weight loss above 550“C is partially due to CO2 and partly to the final stages 
of dehydration of C-S-H and the hydrated aluminate phases. It is doubtful whether the 
contributions of these phases can be distinguished from TG evidence alone, and, unless 
evolved gas analysis is used, a separate determination of CO2 is needed in order to 
interpret the data fully (Taylor 1997). In this study the weight losses in region above 
550°C were not examined, as the equipment required to analysis the gasses emitted was 
not available. However, considerable efforts were made to ensure that the risk of 
carbonation was minimized in order to reduce the errors that may arise from ignoring the 
weight loss due to the decomposition of the carbonate compounds.
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Figure 5.1. Thermogravimetric curve for Portland cement paste, after Taylor (1997)
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• Experimental Procedure
Cement paste mixes were cast into glass bottles (approximately 15 mm diameter by 40 
mm high). These containers were then sealed with a snap-on plastic cap, covered with 
wet paper towel and placed inside sealed plastic bags. Finally, these bags were placed 
either in the curing room (regime A) or in the hot room (regime B) until the samples were 
tested.
When the samples were at the age required for testing, one sample from each curing 
regime was collected, removed from the bottle and oven-dried at 105°C until stable mass 
was achieved. The hydration of the samples, which were required for testing at an age of 
12-hours, was arrested by immersing in acetone in a carbon dioxide free environment for 
24 hours. This was followed by oven drying at 105°C until stable mass was achieved.
Immediately prior to testing, the eement paste sample was broken and a small piece from 
the inside was ground in a pestle and mortar and passed through a 63pm sieve. 
Thermogravimetric analysis was performed in the Department of Mechanical and 
Materials Engineering of the University of Surrey. The analysed sample weighed 
approximately 30mg. This involved heating the sample from 25°C to 1000°C at a heating 
rate of 20°C per minute in a dynamic Nitrogen atmosphere in a Stanton Rederoft STA- 
1500 Balance (Figure 5.2). The apparatus used is equipped with a programmer unit and 
connected to a computer and plotter for handling and analysis of the data as well as for 
outputting the TG results.
Figure 5.2. Stanton Rederoft STA-1500 balance used for thermogravimetric analysis.
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Cement paste samples were tested using this technique up to an age of 180 days. The test 
results are presented in Section 6.2.1.
5.3.2.3 X-Ray Diffraction Analysis (XRD)
• Experimental Technique
This is a technique that is widely used in the qualitative evaluation of phases present in 
cement pastes at various stages in the hydration process. This technique involves 
subjecting a material to a beam of monochromatic x-radiation, the beam being diffracted 
at various angles with respect to the primary beam. The relationship between the 
wavelength of the x-ray beam, X , the angle of diffraction, 6 , and the distance between 
each set of atomic planes of the crystal lattice, d, is given by the Bragg equation:
n X  = 2d sin ^  Equation 5.1.
Where:
X = Wavelength of the X-ray beam;
0 = Bragg angle of diffraction;
d = Distance between each set of atomic planes of the crystal lattice; and
n = The order of diffraction, an integer.
From this equation the interplanar distances of the crystalline material being studied can 
be calculated. The interplanar spacing depends upon the shape and size of the crystal 
unit cell whilst the intensities of the diffracted rays depend on the position of the atoms in 
the unit cell. The diffraction pattern for a crystalline substance can be considered to be a 
fingerprint, as each crystalline material has a unique pattern.
From the diffraction pattern a semi-quantitative assessment of the crystallinity can be 
made and, by reference to standard patterns, the crystalline phases present can be 
identified. The latter depends on a ‘fingerprint’ technique i.e. assumes that each
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crystalline phase has a unique x-ray diffraction pattern, and that all potential patterns are 
listed. However, in reality, not all phases are listed and the presence of impurities will 
affect the diffraction pattern produced making it more difficult to identify these phases.
• Experimental Procedure
The samples used in this technique were prepared similarly to those used in the 
thermogravimetric analysis (Section 5.3.2.2).
Immediately prior to testing, the cement paste sample was broken and a small piece from 
the inside was ground in a pestle and mortar and passed through a 63 pm sieve. The 
prepared powder was then handed over to the XRD operator, in the Department of 
Mechanical and Materials Engineering of the University of Surrey, who performed the 
test using Philips (PW 1050/70) series automatic diffractometer. The following 
conditions were used for the analysis: 45 kV, 25 mA, Cu-Ka  radiation, 0.1° 2 <9 step 
size, at 1 degree/minute. The analysis covered the range 5-6O°20.
Cement paste samples were tested using this technique up to an age of 180 days. The 
XRD traces for the various cement paste samples tested are presented in Section 6.2.2.
Figure 5.3. Philips (PW 1050/70) scries automatic diffractometer used for XRD analysis.
84
Chapter 5: Experimental Details and Procedures
5.3.3 MICROSTRUCTURAL CHARACTERISTICS
5.3.3.1 General
The engineering properties and durability of hardened cement paste are largely 
determined by its microstructure, particularly porosity and pore size distribution. 
Differences in the microstructure lead to a corresponding difference in the performance 
of the material (Diamond 1971 and ACI eommittee 225-1991). Thus, in order to study 
the significant changes in the engineering properties brought about by the inelusion of 
GGBS or LSS and the effects of age and curing temperature, it is essential to investigate 
the associated ehanges in the mierostructure.
5.3.3.2 Total Porosity
The total porosity is defined as the ratio of the volume of pores to the total volume of a 
sample expressed as a percentage (Nwaubani 1990). The techniques used in total 
porosity determination are described below.
5.3.3.2.1 Vaeuum Saturation Method
• Experimental Technique
This is a simple technique used to estimate the porosity of the concrete samples by 
measuring the total amount of water removed from a water-saturated sample by drying 
until stable mass is achieved. Porosity is ealculated as follows:
( ——----- - )  xlOO Equation 5.2
V
Where:
P = Porosity (%);
nisat = Mass of water-saturated sample (g);
rrid = Mass of oven-dried sample (g); and
V = Volume of the sample as determined by water displacement (cc).
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• Experimental Procedures
The apparatus used for this test consists of a vacuum pump capable of producing pressure 
of -600 mm Hg, a glass vacuum desiccator, a water tank filled with distilled water, an air 
pressure gauge, a valve to the water tank, a valve to the pump, and a desiccant moisture 
trap (Figure 5.4).
Figure 5.4. Apparatus used for vacuum saturation
This technique involves evacuating 50 mm concrete cubes in a sealed desiccator for four 
hours in order to de-gas the sample. In this sealed environment, the samples were then 
immersed in distilled water. Evacuation was resumed and continued for three hours after 
which the vacuum was removed allowing water to fill the pores. The samples were then 
left for about 15 hours immersed in distilled water. The weight and volume of the 
saturated samples was recorded before they were placed in an oven at a temperature of 
105“C. Finally, the samples were kept in the oven until constant mass was achieved.
This technique was used to evaluate the total porosity of the concrete mixes. Samples 
were tested at ages up to 365 days. A summary of the test results is shown in Section 
6.3.1.1.
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S.3.3.2.2 Mereury Intrusion Porosimetry (MIP) Method
The MIP evaluates the porosity using the volume of mereury intruded into the sample 
pores under pressure, Seetion 5.3.3.3. The total porosity was calculated using the 
following equation.
^ 100) Equation 5.3.
Where:
P = Porosity (%),
Vng = Sample volume as measured by MIP (cc); and
Vi = Total intrusion volume as measured by MIP (ce).
A summary of the test results is presented in Seetion 6.3.1.2.
5.3.3.3 Pore size distribution
The distribution of pore sizes in cement paste may be determined using several 
techniques. One of the most widely techniques used to determine pore size distributions 
over a large range is Mercury Intrusion Porosimetry (MIP) (Diamond 1971). In this 
investigation this teehnique was used to determine the pore size distribution of the 
different cement paste mixes.
• Experimental Technique
The MIP technique measures the volume distribution of pores in materials by mercury 
intrusion at very high pressure. Mercury is ideal as an intrusion liquid as it has a high 
surface tension and it does not wet or react with most materials. MIP gives a very good 
picture of the size of the pores and their distribution within the matrix. It also has a very 
high level of reproducibility and provides information on the total pore volume and 
sample density (Micromeritics 1993). On the other hand, this technique has a few 
drawbacks (Nwaubani 1990), the most significant among these include:
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• The application of high pressures may damage the pore walls during the test,
• MIP measures the pore-entry diameter and not the true diameter of the pores, and 
the Washburn equation used in the calculation, shown below, assumes cylindrical 
pores. If the pores in the cement paste are not cylindrical the results calculated 
will not accurately reflect internal structure of the paste. However, its use is 
generally acceptable as the practical means for treating what otherwise would be a 
most complex problem (Micromeritics 1993 and Taylor 1997).
Nevertheless, the teehnique remains the most popular of existing techniques used in the 
evaluation of pore size distribution.
The Washburn equation states that the size of the intruded pore access, as simulated by 
cylindrical capillaries, is inversely proportional to the applied pressure.
Where:
P = Mercury injection pressure (psi),
Y = Surface tension of mercury (dynes/cm),
6^  = Contact angle between solid and mercury (degrees), and
d  = Pore access diameter (pm).
• Experimental Procedures
Cement paste mixes were east into glass bottles (approximately 15 mm diameter by 40 
mm high). These containers were then sealed with a snap-on plastic cap, covered with 
wet paper towel and placed inside a sealed plastic bag. Finally, these bags were placed 
either in the curing room (regime A) or in the hot room (regime B) until the samples were 
tested.
88
Chapter 5: Experimental Details and Procedures
When the samples reached the age required for testing, one sample from each curing 
regime was removed from the bottle and oven-dried at 60°C until stable mass was 
achieved. Immediately prior to testing, the samples were broken and a small solid 
specimen (approximately 1.5g) was collected from the inside, placed and carefully sealed 
inside a 3cc penetrometer (Part number 920-61713-00).
A Micromeritics porosimeter AutoPore II 9220 (Figure 5.5) with a maximum injection 
pressure of 60,000 psi, capable of measuring porosity and pore size distribution in the 
pore diameter range of 360 to 0.003 pm, was used for these experiments. For these testes 
a contact angle of 130° and a mercury surface tension of 485 dynes/cm, was assumed 
(Micromeritics 1993). These values plus the weight of the solid test specimen, and the 
weight of the penetrometer were keyed into the memory of the computer associated with 
the porosimeter.
4m
Figure 5.5. Micromeritics porosimeter autopore II 9220 used for mercury intrusion data
determination.
The sample sealed inside the penetrometer was initially vacuumed to evacuate the air in 
the pores before limited mercury penetration at low pressure (25 psi). After completion 
of the low-pressure run, the penetrometer with the sample and the mercury was weighed 
and the value was also keyed into the computer. Finally, a high-pressure intrusion run 
was performed, which was continued up to a maximum pressure of 60,000 psi. At the 
end of the programmed intrusion, the computer outputs the pore entry diameters as a 
function of the applied pressure and the total porosity, as a function of the total volume of 
the intruded mercury.
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The total porosity results obtained using this teehnique are summarized in Seetion 6.3.1.2 
whereas the pore size distribution results are presented in Section 6.3.2.
5.3.3.4 Examination of fractured surfaces
Scanning electron microscopy (SEM) was used to investigate the differenees in 
mierostructure of the fraetured surfaees of cement paste samples arising from the use of 
GGBS or LSS as an OPC replacement.
• Experimental Technique
In the SEM an electron beam is generated by eleetrically heating a tungsten electrode in a 
high vacuum. This electron beam is then aceelerated by a potential differenee of up to 
40kV and foeussed onto the surface of the specimen by electromagnetic lenses in the 
machine column. The beam is rastered across the specimen surface to provide an image 
on a cathode ray tube. The beam interaets with the specimen surfaee causing secondary 
electrons and x-rays to be emitted. Secondary electrons are produeed when an eleetron 
from the beam collides with an electron in the orbit of an atom in the speeimen. The 
orbital eleetron is knocked out of its orbit and if  it is within 1 pm or so of the surface it 
can escape from the specimen to be deteeted. The x-rays emitted from the specimen 
surface are used to identify the elements present by measuring their energy and 
comparing it to elemental standard energies (Goodhew and Humphreys 1988).
• Experimental Procedure
Cement paste mixes were cast into glass bottles (approximately 15 mm diameter by 40 
mm high). These eontainers were then sealed with a snap-on plastic cap, covered with 
wet paper towel, placed inside sealed plastic bags and placed in the fog room (regime A) 
or the hot room (regime B) until the samples were tested. When samples reaehed the 
required age of testing, samples were removed from the bottles and oven-dried at 105°C 
until stable mass was achieved. Eaeh sample was then fractured, attached to an SEM 
stub, coated with carbon and examined using an Hitachi S-3200N instrument (Figure 5.6) 
in the Micro Structural Studies Unit (MSSU) at the University of Surrey. The images 
obtained are shown in Section 6.3.3.
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Figure 5.6. Hitachi S-3200N used for scanning electron microscopy analysis (SEMI
5.3.3.5 Chloride permeability
5.3.3.5.1 General
Chloride permeability is a measure of the ease with which chloride ions will diffuse 
through porous materials. It is well known that chloride based premature corrosion of 
steel reinforcement in concrete structures currently constitutes a major global concern for 
the construction industry (Feldman et al 1999). Many techniques have been used to 
investigate the chloride permeability of concrete, by the use of diffusion cells or by 
immersion in a salt solution. However, these methods are time-consuming, often 
requiring months or years to obtain results. This has led researchers and engineers to 
develop accelerated testing methods. One of these techniques is the rapid chloride 
permeability method developed by the American Federal Highways Administration 
(Feldman et al 1999).
5.3.3.5.2 Rapid Chloride Permeability Technique
• Experimental Technique
This is an indirect method used to index the chloride permeability of different mixes. 
The principle of this technique is to induce the movement of the chloride ions through the 
sample under the influence of a potential difference. The total charge passed, under
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standard conditions, is regarded as an index of chloride ion permeability of the sample 
(Whiting 1981 and ASTM C l202 1997). However, it is in fact a function of the sample’s 
electrical conductivity, and therefore, the sample’s mierostructure and pore solution will 
both have an influence on results obtained using this teehnique (Shi et al 1998).
Some researchers have criticized this teehnique when used to compare the chloride 
permeability of mixes containing different cementitious materials. This is due to the fact 
that the technique is unable to distinguish between the effects of differences in the 
mierostructure and those of the chemistry of the pore solution on the electrical 
conductivity of the sample (Shi et al 1998 and Feldman et al 1999). However, as in this 
investigation the technique is used to index the chloride permeability of concrete mixes 
when slag-based cement is used as an OPC replacement, it is the differences in 
mierostructure and their effects on the sample’s electrical conductivity that is of interest. 
Therefore, it is important to first understand the effects of this replacement on the 
eleetrieal conductivity of the pore solution. Results obtained by Shi et al (1998) show 
that the changes in the electrical conductivity of the pore solution when GGBS is used as 
an OPC replacement are much less than the changes obtained when other cement 
replacement materials (e.g. PFA or MS) are used. For example, they found that a 
replacement of 50% of the OPC with an equal weight of GGBS resulted in a reduction in 
the relative specific conductivity of the pore solution by 3 .3% and 11 .2 % at 28 and 365 
days respectively. Whereas, when PFA or MS are used as an OPC replacement, the 
reductions at 365 days were 25.7% and 92.13% respectively. From this it can be 
concluded that changes in the pore solution conductivity that is caused by utilizing slag- 
based cement as an OPC replacement, will not be significant, and will probably not skew 
the chloride permeability indexes too far away from the effects of microstructural 
changes.
• Experimental Procedures
The chloride permeability index of the different test specimens has been determined 
using the Rapid Chloride Permeability Test method (Figure 5.7) developed by the 
American Federal Highways Administration (Whiting 1981). The tests were carried out 
on 100 mm diameter by 50 mm high cylindrical concrete samples, prepared in the same 
way as the concrete cube samples. On the day of testing samples were water saturated 
using the vaeuum saturation method explained in Section 5.3.3.2.I. The specimens were
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then surface dried, fitted into the cells and sealed with silicon rubber. The cell was then 
bolted together. The negative compartment of the cell was filled with a 1 M NaCl 
solution and the positive compartment with a 0.3% NaOH solution. The cell was then 
subjected to an applied voltage of 60 volts for a period of 6 hours. The current passed 
during this period is recorded as a function of time and is output by the current 
monitoring computer. From this, the total charge passed through the specimen in the six- 
hour period can be calculated by integrating the area under the current versus time graph. 
The total charge passed (in coulombs) through the different specimens can be used to 
index the specimen’s chloride permeability (Nwaubani 1990). For the purpose of 
interpreting the results, a specimen having a charge passed of over 4000 coulombs is 
classified as highly permeable (H); 2000-4000 coulombs is moderately permeable (M), 
and 1000-2000 coulombs is of low (L) permeability (Shi et al 1998 and ASTM C l202 
1997).
Figure 5.7. Apparatus used for determination of chloride permeability indices
All concrete mixes were tested using this technique up to an age of 365 days in order to 
determine the chloride permeability indices of the different mixes. A summary of the 
results is presented in Section 6.3.4.
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5.3.4 DENSITY AND COMPRESSIVE STRENGTH
5.3.4.1 Density
5.3.4.1.1 General
The saturated surfaee dry density ( p  ) of hardened eement paste or concrete is defined 
as the mass of a unit volume in grams per cubic centimetre (g/cm^). It provides global 
information about the internal structure of the cement paste and concrete because it is 
inversely proportional to the porosity (Popovics 1998). Density can be determined using 
the following equation (BS 1881: part 114: 1983).
P — ( ^ )  Equation 5.5.
Where:
p  = Density (g/cc);
m = Sample mass (g); and
V = Sample volume (cc).
The saturated surfaee dry density for the cement paste and concrete mixes was measured 
using 50 mm cube samples. When the mixes reached the required testing age, samples 
were collected from each curing regime, surface dried using paper towel and weighed on 
an electronic balance accurate to three decimal places (1 mg). The volume of the sample 
was then determined using the displaced water technique. This is a method that was 
developed in the University of Surrey Concrete Laboratory and used by the Construction 
Materials Group (Figure 5.8). This method takes into account the fact that the mass of 
the displaced water is equivalent to the volume of the sample.
The density measurements for the eement paste and concrete mixes were determined at 
ages up to 365 days. The results are summarized in Seetion 6.4.1.
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;I
Figure 5.8. Volume measurement using water displacement
5.3A2 Compressive Strength
The compressive strength of the specimens was determined in accordance with BS 1881: 
part 116: 1983 using a Famell compressive testing machine. Samples were tested to 
failure. As the sample size (50 mm cubes) was smaller than that specified in BS 1881: 
part 116: 1983, the loading rate was scaled down accordingly to 83kN/min.
A summary of the compressive strength results for the cement paste and concrete mixes 
is shown in Section 6.4.2.1 and 6.4.2.2 respectively
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DISCUSSION
The fresh and hardened properties of the various cement paste and concrete mixes 
eontaining GGBS or LSS, as a partial replaeement of the OPC, are presented and 
discussed in this section. The results also illustrate the influenee ofNazCOg or Na2Si03 
addition on these properties. Finally, the properties of mixes eontaining 100% GGBS or 
LSS and activated using NaiSiOg and CH are also presented.
In order to examine the influence of the Mediterranean environment on the hardened 
properties of the various mixes, two euring regimes were adopted. Section 5.2. Regime 
A represents fog room euring, maintained at a eonstant temperature of 20°C ± 2°C and 
99% relative humidity. Regime B represent a replicate of a Mediterranean environment, 
temperature controlled at 35°C ± 2°C and a minimum of 80% ± 5% relative humidity.
6.1. FRESH PROPERTIES
The experimental results of the freshly mixed materials are presented and discussed in 
this section.
6.1.1 SETTING TIMES
The results of the initial and final setting times (I. S. and F. S. respectively) for the 
various cement paste mixes activated with varying percentages ofNaiSiOg are presented. 
These results were reeorded to the nearest 5 minutes and are presented as the average of 
two values.
Figure 6.1 presents the initial and final setting time results for the un-activated paste 
mixes containing 100% OPC (Mix O), 30% GGBS (Mix 30G) or 30% LSS (Mix 30L). 
The figure also shows the effeets of 1% Na2Si0 3  addition on the setting properties for 
these mixes. When comparing the initial and final setting times for mixes O, 30G and 
30L it was observed that the replacement of 30% of the OPC increased the setting times. 
ACI committee 226 (1987) and the Conerete Society (1991) have also reported this 
behaviour for mixes containing GGBS.
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The addition of 1% NaiSiOs to these mixes was observed to reduce the setting times. 
However, it is worth mentioning that the difference between the initial and final setting 
times for these mixes was fairly constant regardless of the 30% OPC replaeement and the 
activator addition. This indicates that the impact of the addition of activators is primarily 
on the time of initial set and does not influence the relationship between the initial and 
final set.
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Figure 6.1. Setting times for paste mixes activated with varying percentages of Na^SiO
The setting time results for mixes containing 100% GGBS (Mix lOOG) and activated 
with varying percentages of sodium silicate (NazSiOg) and lime (CH) are presented in 
Figure 6.2. The results show that increasing the activator dosage reduces the setting 
times. The results also show that the addition of CH to the mixes increased the setting 
times. Douglas et al (1991) and Qing-Hua and Sarkar (1994) observed similar behaviour.
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Figure 6.2. Setting times for 100% GGBS paste mixes activated with 
varying percentages of Na^SiO  ^and CH.
The setting time results for mixes containing 100% LSS (Mix lOOL) and activated with 
varying percentages of NaiSiOg and CH are presented in Figures 6.3. The results show 
that mixes containing 100% LSS and activated with more than 3% NaiSiOg exhibited 
flash setting (i.e. less than 5 minutes) even when 4% CH was added. Cracks where also 
seen on the surface of these pastes running in all directions. Upon further examination, 
the structure of these pastes was discovered to be crumbly in nature. Alternatively, the 
setting times for mixes activated with 3% NaiSiO] were 35 and 45 minutes. These 
values were increased by more than 3 times when 4% CH was added.
200
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Figure 6.3. Setting times for 100% LSS paste mixes activated with 
varying percentages of Na^SiO  ^and CH.
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Upon close examination of fracture surface of the 100% LSS mixes activated with 3% 
Na2Si03  and 4% CH using SEM, Seetion 5.3.3.4, cracks appeared running throughout the 
paste. Figure 6.4.
Figure 6.4. SEM images at 500 magnification level of Mix lOOL paste activated using 3% Na?SiOi
and 4% CH when cured under regime A
When considering industrial applications for activated mixes containing 100% GGBS or 
LSS it could be said that the use of 3% Na2Si03  and 4% CH is the most favourable from 
a setting time stand point (140 and 125 minutes prior to initial set respectively). 
However, the presence of the cracks throughout the 100% LSS paste mixes will have an 
influence on the porosity and the permeability of these mixes.
6 . 1.2 SLUMP TEST
The workability of all concrete mixes was assessed using the slump test. The results are 
presented in this seetion as an average of two slump measurements.
Figure 6.5 shows the slump results for the un-activated mixes. Since the slumps for these 
mixes were less than 30 mm, 810 (superplasticiser) was added in order to attain the 
required design slump of 90 ± 15 mm. The 810 dosage used was 0.75% for Mix O 
(100% OPC) and mixes eontaining GGB8 (lOG, 30G and 50G), whereas, only 0.5% was 
added to mixes eontaining L88 (lOL, 30L and 50L).
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Figure 6.5. Slump results for un-activated concrete mixes.
The slump values of the superplasticised mixes indicate that the partial replaeement of 
the OPC with GGBS or LSS increased the slump values. This increase in slump was 
generally proportional to the level of OPC replacement. The increased slump values for 
mixes containing GGBS or LSS indicates that the water requirement for these mixes was 
less than those eontaining 100% OPC.
Figure 6.6 shows the slump results for superplasticised Mix O, 30G and 30L when 
activated with varying percentages ofNazSiOg (S activator) or NaiCOs. (C activator) In 
order to achieve the required slump, 1.0% ofSlO was added to the mixes containing 
1.0% of these activators. However, the maximum amount (1.5%) of SIO allowed by the 
manufactures (Sika 2000) was added to the mixes containing 3.0% of these activators. 
This proved to be insufficient to achieve the required slump (90 ± 15 mm). Moreover, 
in the case of mixes containing 5% or 8% of these activators, the slump was so low that 
the conerete could not be placed and compacted into the moulds.
In view of the slump results obtained it can be seen that the slump values decreased 
proportionally with the activator dosages, leading to an increase in the amount of 
superplasticiser that was required to reach the design slump. This increase in the 
superplasticiser addition was by a minimum of one third of that added to the un-activated 
mixes when 1% activator was added. Moreover, when 3% or more of these activators 
were added, 1.5% of SIO was not enough to reach the design slump.
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Figure 6.6. Slump values for un-activated concrete mixes and those activated with varying 
percentages of Na,SiO. (S-activatorl or Na,CO. r C - a c t i v a t n r ) .
Concrete mixes containing 100% GGBS and activated by 3% NaiSiO] and 4% CH did 
not show any slump even when 1.5% of SIO was added. However, it was possible to 
compact these mixes under the influence of vibration and this allowed the mix to be 
placed and compacted satisfactorily. This is not surprising as Tailing and Brandstetr 
(1989) state that finely ground blastfurnace slag is very reactive and fresh AAS concrete 
has a quick slump loss. They further state that the common retarding agents used with 
Portland cement concrete are not suitable for use with slags due to the different chemical 
composition. Finally, mixes containing 100% LSS and activated with 3% NaiSiOg and 
4% CH exhibited a high slump (140 mm) without any superplasticiser addition.
6.2. HYDRATION CHARACTERISTICS
The influence of the partial replacement of OPC with GGBS or LSS, on the rate and 
products of hydration of eement paste mixes are investigated when cured under different 
regimes. Two of the most widely used techniques are employed, thermogravimetric and 
x-ray diffraction analyses.
(S.:!. 1 THERMOGRAVIMETRIC ANALYSIS (TO)
The results of the TG analyses for the different eement paste mixes are presented in this 
section as the weight change in the temperature range of 100°C to 550°C, these results 
are presented as a percentage of the original dry weight of the sample. As stated earlier.
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Section 5.3.2.2, these weight losses are associated with the decomposition of the products 
of hydration, and therefore a greater weight loss indicates that more hydration products 
were formed.
Figures 6.7 to 6.12 present the results for Mix O, 30G and 30L, when cured up to an age 
of 180 days, under regime A or B. The results obtained show an increase in the measured 
weight loss with increasing age, suggesting the continued development of hydration with 
time.
—  7-Daj 
28-Day
—  180- Ih y
—  7-Days
—  28-Days
—  180-Days
Temperature ("C)
Figure 6.7. TG curves for Mix O ( 100% OPC) 
when cured under regime A.
Figure 6.8. TG curves for Mix O 000%  OPCl 
when cured under regime B.
Temperature (°Q Température (°Q
Figure 6.9. TG curves for Mix 30G t30% GGBS) 
when cured under regime A.
Figure 6.10. TG curves for Mix 30G (30% GGBSl 
when cured under regime B.
Figure 6.11. TG curves for Mix 30L (30% LSSl 
when cured under regime A.
Figure 6.12. TG curves for Mix 30L (30% LSSl 
when cured under regime B.
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The weight losses in the temperature range of 100°C to 425°C for Mix O, 30G and 30L, 
when cured under regime A are presented in Figure 6.13 and summarized in Table 6.1. It 
was established in the literature that the weight losses in this temperature range is 
associated with the decomposition of C-S-H and C-A-H (Taylor 1997). Hence, 
variations in the results indicate differences in the amount formed of these hydration 
products.
The results presented in Figure 6.13 and Table 6.1 showed that the replacement of 30% 
of the OPC with GGBS or LSS leads to a reduction in the amount of C-S-H and C-A-H 
produced at 12 hours. This reduction was most pronounced when LSS was used. Mixes 
eontaining LSS continued to produce less of these products at 7 and 28 days. Whereas, 
mixes containing 30% GGBS produced similar quantities of C-S-H and C-A-H as 
compared to the 100% OPC control mix. The 180-day results showed that both mixes 
containing 30% OPC replacements (Mix 30G and 30L) produced more C-S-H and C-A-H 
than the control mix.
15.0
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w 5.0
Figure 6.13. W eight loss (% ) between 100°C and 425°C for Mix Q. 30G and 30L
when cured under regime A.
The results in Figure 6.13 and Table 6.1 indicate that the early age (12 hours) reactivity 
of the GGBS particles was lower than that of the OPC. The low reactivity of GGBS at 
early ages is well documented in the literature. Section 3.8.6.2. However, with increasing 
euring time, the reactivity of the GGBS particles tends to increase leading to the 
formation of a greater volume of hydration products in the long-term. Roy (1989) stated 
that the increase in reactivity of GGBS is due to its activation by the alkalis and sulphates
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released from the hydration of the OPC. The results also show that the reactivity of the 
LSS particles seems to be following a similar trend to those of the GGBS. However, the 
variation in the amount of hydration products formed (Figure 6.13 and Table 6.1) 
indicates that the LSS particles are less reactive than those of the GGBS. This was 
expected due to the low glass content of the LSS (57%, Table 4.1) as compared to the 
GGBS (98%, Table 4.1) and the presence of relatively large particles in the LSS, Section 
4.2.1.4.1.3 and Figure 4.5 I. Finally, the observed low reactivity at early ages of GGBS 
and LSS when compared to OPC, Figure 6.13, coincides with the delayed setting time for 
mixes containing GGBS or LSS as an OPC replacement as compared to the 100% OPC 
control mix (Figure 6.1). This suggests that the delayed setting times of Mix 30G and 
30L is due to the low reactivity of the OPC replacement materials.
Weight Loss (%)between 100®C and 425°C for Mixes Cured Under Regime A or B
Age M ixO Mix30G Mix 30L
Regime A Regime B Regime A Regime B Regime A Regime B
12 hours 2.40 3.06 1.35 2.81 1.20 1.81
7 days 7.84 7.59 7.91 8.74 7.11 7.54
28 days 8.63 8.02 8 J 2 9.35 7.99 8.21
180 days 8jW 8^4 10.27 10.59 9.03 9.09
Table 6.1. Weight loss (Vo) between 10Q°C and 425°C for Mix 0 .3 0 G  and 3QL 
cured under regime A or B.
The results presented in Figure 6.14 and Table 6.1 compare the weight losses in the 
temperature range of 100°C to 425°C for Mix O, 30G and 30L, when cured under regime 
B. The results show that all mixes followed a similar trend to that observed when cured 
under regime A.
104
Chapter 6: Experimental Results and Discussion
15.0 □ 12-Hour ■ 7-Day
□ 28-Day □ 180-Day
«  5.0
Figure 6.14. Weight loss (%) between 100°C and 425°C for Mix O. 30G and 30L
when cured under regime B.
Figure 6.15 shows the influence of varying the curing regime on the amount of hydration 
products formed in Mix O, 30G and 30L. The results are presented as the relative 
amount of hydration products measured when samples were cured under regime B as 
compared to the corresponding mixes cured under regime A, and expressed as a 
percentage. The results in Figure 6.15 show that the amount of hydration products 
formed in mixes eontaining 30% GGBS or LSS were always greater when cured under 
regime B as compared to when cured under regime A, especially at 12 hours. 
Conversely, there was a marginal reduction in the amount of hydration products formed 
in Mix O from 7 days onwards when cured under regime B. This reduction increased 
with age. These results suggest that mixes containing 30% GGBS or LSS favour curing 
under regime B, whereas the 100% OPC control mix favoured euring under regime A.
250 ^ 0 0
200 B30G
□ 30L150
100
to Age
Figure 6.15. Relative weight loss (Vo) between 100°C and 425°C for Mix 0 .3 0 G  and 30L when cured 
under regime B as compared to when cured under regime A.
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The rate and products of hydration of Mix O, 30G and 30L were also investigated when 
samples were activated using 1% Na2SiOs. Table 6.2 present a summary of the 12-hour 
and 180-day weight losses in the temperature range of 100°C to 425°C for the activated 
and un-activated mixes when cured under different regimes. The results show a slight 
increase in the amount of hydration products formed at 12 hours when the activator was 
added. However, the 180-day results show a general decrease when the activator was 
added. This decrease was more pronounced in Mix O. These results suggest that 
activator addition to mixes containing OPC may have a negative influence of the 
hydration at later ages. Moreover, it was also observed from the setting time results 
(Figure 6.1) that activator addition to mixes containing OPC resulted in a reduction in 
their setting times. These detrimental effects suggest that activators should be avoided 
for mixes containing OPC.
Weight Loss (%)hetween 100°C and 425°C for Mixes Cured Under Regime A or B
Age Mix O Mix 30G Mix 30L
Regime A Regime B Regime A Regime B Regime A Regime B
12 hours un-activated 2.40 3.06 1.35 2.81 1.20 1.81
12 hours activated 3.03 3 2 8 1.44 3.03 1.41 2.14
180 days un-activated 8.84 8.64 10.27 10.59 9.03 9.09
180 days activated 8.05 7.74 9.91 10.44 9.35 8 j #
Table 6.2. Weight loss (%1 between 100°C and 425°C for un-activated mixes and those containing 
1% Na?S10; when cured under different regimes.
The CH present in the different mixes is produced from the hydration of the OPC alone 
(Concrete Society 1991), and therefore, it is important to investigate the influence of 
replacing 30% of the OPC with GGBS or LSS. The CH content present in Mix O, 30G 
and 30L was calculated using the measured weight loss between 425°C and 550°C 
(Section 5.3.2.2). These results are presented in Figures 6.16 and 6.17 for mixes cured 
under regime A or B respectively and are summarized in Table 6.3. All the results show 
an increase in CH content with age. The CH content also increased with increasing 
curing temperature up to an age of 28 days. However, at 180 days, increasing the curing 
temperature increased the CH present in the 100% OPC control mix, whereas the CH 
present in mixes containing 30% GGBS or LSS decreased.
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Figure 6.16. Relative CH content (%) for Mix Q, 30G and 30L cured under regime A.
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□  28-Day □  180-Day
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Figure 6.17. Relative CH content (%1 for Mix Q. 30G and 30L cured under regime B.
Weight Loss (%)hetween 425°C and 550°C for Mixes Cured Under Regime A or B
Age Mix O Mix 30G Mix 30L
Regime A Regime B Regime A Regime B Regime A Regime B
12 hours 0.43 1.14 0.37 0 2 9 0 2 8 1.05
7 days 4.44 4.71 3 2 9 3 2 4 3 2 8 3 2 9
28 days 5.31 5.52 3 2 2 4.04 4 2 6 4.45
180 days 6.26 6 2 6 4.31 4 2 2 4 2 5 4 2 6
Table 6.3. Weight loss (%) between 425°C and 550°C for Mix Q. 30G and 30L 
cured under different regimes.
107
Chapter 6: Experimental Results and Discussion
Table 6.4 presents the amount of CH measured in Mix 30G or 30L (Table 6.3) as a 
percentage of 70% of the quantity measured in the 100% OPC control mix (Table 6.3). A 
value of 70% represents the amount of CH that would be produced by the OPC present in 
these mixes if the GGBS or LSS had no influence. The results in Table 6.4 show that the 
presence of the GGBS and LSS increased the amount of CH produced by the OPC up to 
an age of 28 days. According to Taylor et al (1985), the amount of CH formed from a 
given weight of OPC increases due to the slag particles providing additional sites on 
which CH can nucleate, however, from 28 days onwards the amount of CH present 
decreases due to the pozzolanic reaction. Other researchers. Section 3.8.6.3.2 have, also 
reported this pozzolanic behaviour i.e. the consumption of CH by the hydration of the 
GGBS.
The increase in the amount of CH present in mixes containing GGBS or LSS (Table 6.4) 
decreased with increasing curing temperature and curing time. At 180 days, the 
measured CH present in Mix 30G was less than would be expected from the OPC (70%) 
that was present in these mixes. When considering this observation with the fact that the 
180 day (Table 6.3) results for Mix 30G was slightly reduced when cured under regime B 
as compared to when cured under regime A, may indicate that the GGBS is consuming 
some of the CH produced by the OPC present in the mix. Moreover, the increased 
consumption of the CH at higher temperature (Table 6.4) may be related to thermal 
activation resulting from curing under regime B (35°C). Alternatively, mixes containing 
30% LSS continued to produce more CH than that was expected of the OPC (70%) 
present in these mixes (Table 6.4) even at 180 days. However, the fact that the amount of 
excess CH found in the LSS mixes was reducing with time more slowly than in the 
GGBS mixes may indicate a lower reactivity for the LSS.
Relative CH content (%) for Mixes Cured Under Regime A or B
Age Mix 30G Mix 30L
Regime A Regime B Regime A Regime B
12 hours 125.7 124.2 127.1 126.9
7 days 122.0 116.5 124.8 121.0
28 days 106.9 102.0 117.5 115.0
180 days 98.4 94.8 110.9 106.9
Table 6.4. Relative CH content measured for Mix 30G and 30L as a percentage of 70% of that 
measured in the 100% OPC control mix when cured under different regimes.
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Figure 6.18 shows the relative CH content for Mix O, 30G and 30L when samples were 
cured under regime B as compared to the corresponding mixes cured under regime A. 
These results are generally consistent with those presented in Figure 6.15. However, 
these results show that the long-term effect of curing under elevated temperature is 
relatively small.
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Figure 6.18. Relative weight loss (%) between 425°C to 550°C for Mix O. 30G and 30L when cured 
under regime B as compared to when cured under regime A.
Figures 6.19 to 6.22 presents the weight changes in the temperature range of 100°C to 
550°C for the 100% GGBS or LSS pastes activated with 3% NaiSiO] and 4% CH when 
cured under regime A or B, up to an age of 90 days. The results show similar behaviour 
to that observed for Mix O, 30G and 30L (Figures 6.7 to 6.12 and Table 6.1) i.e. an 
increase in the measured weight loss with increasing age. However, upon close 
examination of the two sets of figures it was observed that the weight loss step associated 
with the decomposition of CH (425°C to 550°C) was not present in mixes containing 
100% GGBS or LSS, as shown by the smooth TG curves (Figures 6.19 to 6.22). This is 
not surprising, as these mixes do not contain any OPC to produce CH. It was also 
observed that the 12-hour weight losses for activated 100% GGBS mixes (Table 6.5) 
were much higher than for mixes containing OPC (Table 6.1). This suggests that a high 
reactivity for mixes containing activated 100% GGBS at 12 hours. The high reactivity 
for of activated 100% GGBS mix at 12 hours coincides with the shorter setting times 
found. Figure 6.2, when compared to Mix O, 30G and 30L (Figure 6.1).
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Figure 6.19. TG curves for activated Mix lOOG 
when cured under regime A.
Figure 6.20. TG curves for activated Mix lOOG 
when cured under regime B.
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Figure 6.21. TG curves for activated Mix lOOL 
when cured under regime A.
Figure 6.22. TG curves for activated Mix lOOL 
when cured under regime B.
Figure 6.23 and Table 6.5 present the weight losses in the temperature range of 100°C to 
425°C for the activated 100% GGBS or LSS mixes when cured under different regimes. 
The results show an increase in the amount of hydration products formed with age and an 
increase in the curing temperature. The results also show that the GGBS mixes produced 
more hydration products than the LSS mixes at all ages. This suggests that the LSS 
particles have a lower reactivity than the GGBS. Finally, the increased weight loss at 90 
days for activated Mix lOOL (Table 6.5 and Figure 6.23) may imply continued reactivity 
of the LSS at later ages.
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Figure 6.23. Cumulative weight loss between 100°C and 425°C for 100% GGBS or LSS
activated paste samples cured under regime A or B.
Cumulative Weight loss (%) for Mixes Cured Under Regime A or B
Age Mix lOOG Mix lOOL
Regime A Regime B Regime A Regime B
12 hours 7.09 7 J^ 2.65 2.90
7 days 7jW 7.94 3.98 3.89
28 days 9.08 9.46 4.50 4.51
90 days 10.70 10.83 7 J2 7.63
Table 6.5. Cumulative weight loss (%) between 100°C and 425°C for 100% GGBS or LSS activated
paste samples cured under different regimes.
6 .2.2 X-RAY DIFFRACTION ANALYSIS (XRD)
The results o f the XRD analyses for the different cement paste samples are presented 
graphically and discussed in this section. The vertical scale for all subsequent XRD 
traces is the same.
Figure 6.24 presents the XRD traces for the 100% OPC control paste mixes when cured 
under regime A up to an age o f 180 days. As expected from the literature, Section 
3.8 .6.3.1, the main crystalline compounds identified in this mix were calcium hydroxide
(CH), ettringite (calcium sulphoaluminate, C^A 6 " 3H32), calcite and calcium aluminate 
hydrate (C4A H 13 and CgAH^). It was also possible to identify peaks consistent with the
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presence of triealcium silicates ( C 3 S ) ,  dicalcium silicates ( C 2 S ) ,  tetracalcium 
aluminoferrite ( C 4 A F )  and gypsum at 12 hours. The presence of C 3 S ,  C 2 S ,  C 4 A F  and 
gypsum at 12 hours indicates that some un-reaeted OPC was present. This is 
unsurprising as Taylor (1997) states that in a Portland cement paste, about 70% and 30% 
of C 3 S  and C 2 S  typically reacts by 28 days respectively.
1- Calcium Hydroxide
2- C4y\H13
3- C3/VH6
4- Ettringite
5- Calcite
6- Q>'püum
7- Triealcium Silicate
8- Tricalcium Aluminate
9- Dicalcium Silicate
10-Tetracalcium Alu mi noferrite
1
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Figure 6.24. XRD traces for 100% OPC control paste mixes when cured under regime A.
The results in Figure 6.24 show that the height of the peaks associated with the presence 
of un-reacted compounds (peaks 6 to 10) in the OPC at 12 hours decreases with age. 
Conversely, the CH peaks generally increase with age. The disappearance of the un- 
reaeted compounds and the increase in CH suggests that the OPC particles continued to 
hydrate.
Figure 6.25 presents the XRD traces for the 100% OPC control paste mixes when cured 
under regime B up to an age of 180 days. These traces were similar to those obtained for 
mixes cured under regime A, Figure 6.24. This indicates that the influence of increasing 
curing temperature on the hydration of the 100% OPC control mix could not be 
investigated using XRD alone. For this reason the TG results may give a better 
understanding of the hydration characteristics of these mixes.
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Figure 6.25. XRD traces for 100% OPC control paste mixes when cured under regime B.
Figures 6.26 and 6.27 show the XRD traces for the 100% OPC control mix when 
activated using 1% NaiSiOg and cured under regime A or B respectively. No significant 
change can be identified over what was seen in the un-activated mixes (Figures 6.24 and 
6.25). However, the TG results (Table 6.2) showed small changes in the volume of 
hydration products formed in the mixes when 1% NaiSiOg was added.
1- Calaum Hydravide 6- (Typsuiu
2- C4.'\HI3 7- Triealcium Silicate
3- C'3i\H6 8- Triealcium Aluminate
4- Kiiringile 9- Dicalciiim Silicaie
5- Calcite 10-Tdracalcium Aluminoferiile
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Figure 6.26. XRD traces for 100% OPC mix activated withl% Na?SiOi when cured under regime A.
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Figure 6.27. XRD traces for 100% OPC mix activated withl% Na^SiOn cured under regime B.
Figures 6.28 to 6.31 show the XRD traces for un-activated cement paste mixes containing 
30% GGBS (Mix 30G) and those activated using 1% Na2Si03  when cured under regime 
A or B. The results follow a general trend similar to that observed in the 100% OPC 
control mixes (Figures 6.24 to 6.27). It was observed that the addition of GGBS reduced 
the over-all XRD signal levels from the crystalline products.
1- CalciumHydnixide 6- Gypsum
2- C4,\HI3 7- I'ricaieium Silicaie
3- C3.AHÛ 8- 'Tricalcium .'Aluminate
4- Ettringite 9- Dicalcium Silicate
5- Calcite 10-Taracalcium .Aluminoferrite
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Figure 6.28. XRD traces for Mix 30G cured under regime A.
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Figure 6.29. XRD traces for Mix 30G cured under regime B.
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Figure 6.30. XRD traces for Mix 30G activated withl% Na2Si03 cured under regime A.
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Figure 6.31. XRD traces for Mix 30G activated with 1% Na2Si03 cured under regime B.
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Figures 6.32 to 6.35 show the XRD traces for un-activated cement paste mixes containing 
30% LSS (Mix 30L) and those activated using 1% NaiSiOg when cured under regime A 
or B. The results follow a trend generally similar to that observed in the 100% OPC 
mixes, Figures 6.24 to 6.27. It was observed that the addition of LSS reduced the over­
all XRD signal levels from the crystalline products in a similar manner to Mix 30G, 
Figures 6.28 to 6.31. However, this reduction was more pronounced in Mix 30G.
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Figure 6.32. XRD traces for Mix 30L cured under regime A.
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Figure 6.33. XRD traces for Mix 30L cured under regime B.
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Figure 6.34. XRD traces for Mix 30L activated withl% Na^SiQ  ^cured under regime A.
1- Calcium Hydroxide 6- Ciypsuni
2- C4.AH13 7- Tricalduni Silicae
j- C3AH0 S- Tricalcium Aluniinate
4 -Ellringile 9 -Dicalcium Silicate
5 -  C a lc i te  1 0 -T c tra c a !c iu m  A lu n iin o le r r i ie
1
— 12-Hours
—  7-Days 
28-Days
— 180-Days
vj '"L 1 31
A'v V, ji
45
Figure 6.35. XRD traces for Mix 30L activated withl% NaoSiOi cured under regime B.
Figures 6.36 and 6.37 show the XRD traces for paste mixes containing 100% GGBS 
cement activated using 3% Na2Si03  and 4% CFl when cured under regime A or B 
respectively. It was impossible to identify any compounds in these traces due to the fact 
that the un-reacted GGBS and the hydration products formed were very poorly 
crystalline. The absence of crystalline hydration products suggests that no CH was 
formed in these mixes. This mirrors the findings of the TG analysis where the absence of 
the CH peak was also observed for these mixes (Figures 6.19 to 6.20). Moreover, all the 
traces (Figures 6.36 and 6.37) show a hump in the 20  range of 26° to 34°. This hump 
tends to be sharper at 90 days than at earlier ages. According to Taylor (1997) the only
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effect definitely attributed to the C-S-H on the XRD traces is the diffuse peak in the 2 6 
range of 25° to 35°. The presence of this hump and the weight loss in the temperature 
range of 100°C to 425°C (Table 6.5) for these mixes suggests the presence of C-S-H.
30 26 35
Figure 6.36. XRD traces for Mix lOOG activated when cured under regime A.
30 26 35
Figure 6.37. XRD traces for Mix lOOG activated when cured under regime B.
Figures 6.38 and 6.39 show the XRD traces for paste mixes containing 100% LSS cement 
activated using 3% NaiSiO] and 4% CH when cured under regime A or B respectively. 
Both traces show some of the original peaks present in the un-hydrated LSS (Figure 4.8).
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Some new peaks, indicated on the figures by *, also appear at 90 days (approximately in 
the 16  range of 27° to 31°). The presence of these new peaks coincides with an increase 
in the amount of hydration products formed in these mixes at 90 days (Table 6.5 and 
Figure 6.23). This indicates that hydration products are continuing to form at later ages. 
Finally, the position of these new peaks on the XRD traces may suggest that C-S-H 
formed at later ages.
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Figure 6.38. XRD traces for Mix lOOL activated when cured under regime A.
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Figure 6.39. XRD traces for Mix lOOL activated when cured under regime B.
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6.3. MICROSTRUCTURAL CHARACTERISTICS
The microstructure of the cement paste is largely influenced by the nature and density of 
the products of hydration, which progressively fill the interstitial spaces in the original 
porous matrix (Neville 1995 and Concrete Society 1991).
6.3.1 TOTAL POROSITY
This section presents the total porosity results for the different mixes as determined using 
the vacuum saturation technique for concrete samples and mercury intrusion porosimetry 
(MIP) for paste samples. These results are presented as the percentage volume of pores 
to the total volume of the sample.
6.3.1.1 Total porosity using vacuum saturation method.
The total porosity for all un-activated concrete mixes was measured using the vacuum 
saturation technique. Section 5.3.3.2.1, when cured under regime A or B up to an age of 
365 days. The experimental results are presented in Figures 6.40 and 6.41 for samples 
cured under regime A or B respectively and are partly summarized in Table 6.6. These 
results present the average of 2 values with a maximum range of ± 0.5 %; this shows that 
the results obtained were consistent.
The results obtained (Figure 6.40 and 6.41) show that the porosity of all samples 
decreased with age, the rate of this decrease was reduced with time. This decrease in 
porosity was more pronounced for mixes containing 50% or 30 % LSS. The decrease in 
the porosity follows the general trend of increasing hydration product formation for Mix 
O, 30G and 30L (Figure 6.13). These hydration products gradually fill the voids in the 
cement paste and therefore reduce the porosity of the samples (Section 3.9.2.4).
The results presented in Table 6.6 show that the porosity at 365 days for samples 
containing GGBS was less than that of the 100% OPC control mix. This is consistent 
with studies reported by Neville (1995) and the Concrete Society (1991) and explained in 
Section 3.9.2.4.
A general reduction in porosity was observed for samples cured under regime B as 
compared to the corresponding samples cured under regime A (Table 6.6). Similar
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behaviour was observed in the hydration studies where increasing the curing temperature 
lead to an increase in the formation of hydration products (Table 6.1 and Figure 6.15).
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Figure 6.40. Total porosity (%) for un-activated concrete samples cured under regime A.
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Figure 6.41. Total porosity (%) for un-aetivated concrete samples cured under regime B.
Total Porosity (%) for Mixes Cured Under Regime A or B
Age Mix O Mix 30G Mix 30L
Days Regime A Regime B Regime A Regime B Regime A Regime B
7 16.1 15.5 16.3 15.0 20.0 19.3
28 15.1 14.9 14.5 13.5 18.1 17.6
365 14.8 14.6 13.8 12.9 14.8 14.3
Table 6.6. Total porosity (%) for un-activated concrete mixes when cured under different regimes.
121
Chapter 6: Experimental Results and Diseussion
The total porosity for 100% GGBS or LSS concrete mixes activated using 3% NaiSiOg 
and 4% CH and cured under different regimes is presented in Figure 6.42 and 
summarized in Table 6.7.
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Figure 6.42. Total porosity (%)for 100% GGBS or LSS concrete mixes activated 
using 3% Na?SiOi and 4% CH cured under different regimes.
Total porosity (%) for Mixes Cured Under Regime A or B
Age Mix lOOG Mix lOOL
(Days) Regime A Regime B Regime A Regime B
7 14.8 14.6 21.2 20.2
28 14.4 14.1 20.4 19.9
90 13.5 13.0 19.7 19.0
Table 6.7. Total porosity (%)for 100% GGBS or LSS concrete mixes activated 
using 3% Na^SiOi and 4% CH cured under different regimes.
The results show that the porosity of the 100% GGBS mixes was significantly lower than 
that of the 100% LSS mixes. This is unsurprising as the activated 100% GGBS mix 
always produced more hydration products than the LSS mix (Table 6.5). The results also 
show a slight decrease in porosity with increasing curing temperature. In contrast to the 
behaviour seen in Figures 6.40 and 6.41 for mixes containing 30% or 50% GGBS or LSS, 
there was a less marked reduction in porosity between 7 and 28 days for activated mixes 
containing 100% GGBS (Figure 6.42).
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Finally, the results obtained for the 100% LSS activated mix show that this mix has a 
very high porosity at all ages when compared to any other mix. This can be attributed to 
the low reactivity o f LSS (Table 6.5 and Figure 6.23) and also to cracks that were seen 
earlier on the paste specimen (Figure 6.4).
6.3.1.2 Total porosity using mercury intrusion porosimetry 
(MIP)
The total porosity for different cement paste samples was measured using this technique. 
Section 5.3.3.2.2. Table 6.8 presents the total porosity results for un-activated Mix O, 
30G and 30L when cured under different regimes up to an age o f 180 days. These results 
represent single values.
The results presented in Table 6.8 show that there was a reduction in porosity with age 
and increasing curing temperature for all mixes. A t 7 days, the porosity o f the mix 
containing 30% LSS (Mix 30L) was much higher than that o f the other mixes, however, 
at later ages, its porosity approached that o f the OPC control mix. Conversely, the mix 
containing 30% GGBS had the lowest porosity at all ages.
Total Porosity (%) for Mixes Cured Under Regime A or B
Age Mix O Mix 30G Mix 30L
(Days) Regime A Regime B Regime A Regime B Regime A Regime B
7 30.25 29.35 28.33 24.76 36.99 33.06
28 27.95 27.03 25.13 23.37 28.50 27.85
180 22.95 23.42 20.64 19.24 23.79 23.51
Table 6.8. Total porosity (%)for un-activated cement paste samples cured under different regimes.
The trends in the porosity results obtained using this technique (Table 6.8) are in general 
agreement with the corresponding results obtained using the vacuum saturation method 
(Table 6.6). However, it was observed that the 180-day MIP porosity results for the 
100% OPC control mix increased slightly when the curing temperature was increased, 
whereas the results obtained using vacuum saturation show a slight decrease. Finally, the 
porosities obtained using MIP were higher than the corresponding values obtained using
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the vacuum saturation method. This may be due to the fact that the MIP technique was 
used on cement paste samples whereas the vacuum saturation method was used on 
concrete samples. The presence o f aggregate in the concrete makes it less porous than 
the cement paste. Additionally, the application o f high intrusion pressure in the MIP 
technique may damage the internal mierostrueture o f the cement paste samples leading to 
a higher measured porosity.
The total porosity o f Mix O, 30G and 30L was also investigated when activated using 1% 
NaiSiOg. Table 6.9 presents the 28-day results for the activated and un-aetivated mixes 
when cured under different regimes. The results show an increase in the porosity o f these 
mixes when activators where added. These results in conjunction with the results 
obtained from the setting times (Figure 6.1), slump (Figure 6.6) and hydration studies 
(Table 6.1) suggest that there are no practical advantages from the addition o f chemical 
activators to mixes containing OPC.
28-Day Total Porosity (%) for Mixes Cured Under Regime A or B
Na^SiO) Mix O Mix 30G Mix 30L
Dosage Regime A 1 Regime B Regime A | Regime B Regime A Regime B
0% 27.95 2T03 25.13 23.37 28.50 27.85
1% 28.10 28.37 26.38 27.84 27.87 29.36
Table 6.9. 28-Day total porosity (%) for un-activated cement paste samples 
and tbose containing 1% Na?SiOi cured under different regimes.
The total porosity for 100% GGBS or LSS cement paste samples activated using 3% 
Na2SiOs and 4% CH, cured under different regimes up to an age o f 90 days and, is 
presented in Table 6.10. These results follow a similar trend to the corresponding results 
obtained using vacuum saturation (Table 6.7), where they show that the porosity o f the 
GGBS mixes was significantly lower than that o f the LSS mixes. The results show a 
slight decrease in porosity with increasing curing temperature and age. This behaviour 
may be attributed to the GGBS particles producing the majority o f their hydration 
products at 12 hours with only a small increase at later ages (Table 6.5). This suggests 
that activated 100% GGBS mixes approaches their ultimate properties (Tables 6.8 and 
6.10) within a short time period when compared to the 100% OPC control mix (Tables 
6.7and 6.8). In contrast, the less reactive LSS achieves poor short-term properties but
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these improve with continued curing (Tables 6.7 and 6.10) to approach values similar to 
the OPC control mix.
Total porosity ( 
Age 
(Days)
%) for Mixes 
Mix 
Regime A
Cured Unde 
lOOG 
Regime B
r Regime A o 
Mix 
Regime A
rB  
lOOL 
Regime B
7 24.71 23.46 36.84 34.46
28 23.11 23.05 34.17 32.35
90 22.73 22.35 30.22 29.40
Table 6.10. Total porosity (%)for 100% GGBS or LSS cement paste samples activated 
using 3% Na^SiO; and 4% CH and cured under different regimes.
6.3.2 PORE SIZE DISTRIBUTION
This section presents the pore size distribution for the various cement paste mixes as 
determined using mercury intrusion porosimetry (MIP), Section 5.3.3.2.2. The results are 
shown graphically as a cumulative volume o f the total porosity in the pore size range o f 
approximately 118 pm  to 3 nm.
Figures 6.43 to 6.48 show the pore size distribution for un-activated cement pastes mixes 
when cured under different regimes, up to an age o f 180 days. All the results show a 
decrease in the total volume o f pores with age. This suggests that more hydration 
products were formed with time, and that these products gradually filled the pores 
reducing their volume and leading to a refinement o f the pore sizes and their distribution 
(Section 3.9.2.4).
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Figure 6.44. Pore size distribution for Mix O (  100% 
OPC) when cured under regime B.
Figure 6.43. Pore size distribution for Mix O (100% 
OPC) when cured under regime A.
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Figure 6.45. Pore size distribution for Mix 30G 
(30% GGBSl when cured under regime A.
Figure 6.46. Pore size distribution for Mix BOG 
(30% GGBSl when cured under regime B.
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Figure 6.47. Pore size distribution for Mix 30L 
(30% LSS) when cured under regime A.
Figure 6.48. Pore size distribution for Mix 30L 
(30% LSSl when cured under regime B.
Figures 6.49, 6.50 and 6.51 compare the 7-day pore size distribution for Mix O, 30G and 
30L respectively when cured under different regimes. The results show a decrease in the 
volume o f  pores when samples were cured under regime B as compared to when cured 
under regime A.
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Figure 6.49. Pore size distribution for Mix Q (100% OPQ at 7 days when cured under different
regimes.
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Figure 6.50. Pore size distribution for Mix 30G (30% GGBSi at 7 days when 
cured under different regimes.
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Figure 6.51. Pore size distribution for Mix 30L (30% LSS) at 7 days when 
cured under different regimes.
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Figures 6.52, 6.53 and 6.54 compare the 180-day pore size distribution for Mix O, 30G 
and 30L respectively when cured under different regimes. When comparing the results 
obtained at this age with the corresponding results at 7 days (Figures 6.49, 6.50 and 6.51) 
it was observed that increasing the curing temperature of the OPC control mix resulted in 
a slight increase in the volume of pores at 180 days. This behaviour is different to that 
observed at 7 days (Figure 6.49), where the volume of pores for this mix was decreased 
by increasing the curing temperature. Alternatively, mixes containing 30% GGBS or 
LSS showed a decrease in the volume of pores when the curing temperature was 
increased. This decrease was more pronounced at 7 days. These observations mirror 
those seen in the hydration studies (Table 6.1 and Figure 6.15) where it was suggested 
that mixes containing 30% GGBS or LSS marginally favoured curing under regime B, 
whereas the 100% OPC control mix favour curing under regime A.
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Figure 6.52. Pore size distribution for Mix O (100%  OPC) at 180 days when 
cured under different regimes.
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Figure 6.53. Pore size d istribution for Mix 30G (30% GGBS) at 180 days when
cured under different regimes.
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Figure 6.54. Pore size distribution for Mix 30L (30% LSS) at 180 days when 
cured under different regimes.
Figures 6.55 and 6.56 compare the 7-day pore size distribution for Mix O, 30G and 30L 
when cured under regime A or B respectively. The results show that the 30% 
replacement of OPC with GGBS generally decreased the volume of pores. Conversely, 
mixes containing 30% LSS showed an increase in the volume of pores. Similar 
behaviour was observed for these mixes at 180 days (Figures 6.57 and 6.58).
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Figure 6.55. Pore size distribution for un-activated cement paste mixes at 7 days
cured under regime A.
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Figure 6.56. Pore size distribution for un-activated cement paste mixes at 7 days
cured under regime B.
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Figure 6.57. Pore size distribution for un-activated cement paste mixes at 180 days
when cured under regime A.
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Figure 6.58. Pore size distribution for un-activated cement paste mixes at 180 days
when cured under regime B.
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Figures 6.59 to 6.60 show the pore size distribution for the 100% GGBS paste samples 
activated using 3% NaiSiOg and 4% CH when cured under regime A or B respectively, 
up to an age of 90 days. The results obtained follow the general trend observed for mixes 
containing 30% GGBS (Figures 6.45 and 6.46) which was a decrease in the volume of 
pores with increasing age and curing temperature. However, the reduction in the volume 
of pores for this mix was generally smaller than that observed for all other mixes (Figures 
6.43 and 6.48). This is due to the volume of pores for this mix at 7 days being much 
smaller than for any other mix. The small volume of pores in this mix at early ages may 
be attributed to the high reactivity of the activated GGBS particles that produce the 
majority of their hydration products within 12 hours (Table 6.5).
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Figure 6.59. Pore size distribution for Mix lOOG activated using 3% Na?S:Oi and 4% CH
when cured under regime A.
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Figure 6.60. Pore size distribution for Mix lOOG activated using 3% Na?SiOi and 4% CH
when cured under regime B.
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Figures 6.61 to 6.62 show the pore size distribution for 100% LSS paste samples 
activated using 3% Na2Si03  and 4% CH when cured under regime A or B respectively, 
up to an age of 90 days. The results obtained follow the general trend observed for mixes 
containing 30% LSS (Figure 6.47 and 6.48) which was a decrease in the volume of pores 
with increasing age and curing temperature. However, these mixes showed a very high 
volume of pores at all ages. The high volume of pores present in this mix may be 
attributed to the low reactivity of the LSS (Table 6.5).
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Figure 6.61. Pore size distribution for Mix lOOL activated using 3% Na?SiOi and 4% CH
when cured under regime A.
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Figure 6.62. Pore size distribution for Mix lOOL activated using 3% Na^SiO  ^and 4% CH
when cured under regime B.
Figures 6.63 to 6.64 compare the 7-day pore size distribution for the un-activated control 
mix with those of Mix lOOG and lOOL activated using 3% NaiSiOg and 4% CH when 
cured under regime A or B respectively. These results clearly show the microstructural 
differences between these mixes. The results show that the 100% GGBS activated mix
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had a similar total volume of pores when eompared to that of the OPC control mixes. 
However, upon close examination of the distribution of pores for these two mixes, it was 
observed that the majority of the pore volume present in the GGBS was made up of pores 
smaller than 0.03pm radius when eompared to the OPC control, which has a large 
percentage of its pores with a radius greater than this value. Similar behaviour was also 
observed by Isozaki et al (1986), Section 3.11.2.4. Conversely, the volume of pores for 
mixes containing activated 100% LSS were much larger than those present in the OPC 
control mix and in the activated 100% GGBS. The variation in pore size distribution 
between the activated 100% LSS and 100% GGBS mixes was also observed at 90 days 
for mixes cured under regime A or B as shown in Figures 6.65 and 6.66 respectively. 
This variation in pore sizes may be attributed to the low reactivity of the LSS when 
compared to the GGBS (Table 6.5).
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Figure 6.63. 7-dav pore size distributions for cement paste mixes containing activated 100% GGBS 
or LSS and the un-activated control when cured under regime A.
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Figure 6.64. 7-dav pore size distributions for cement paste mixes containing activated 100% GGBS 
or LSS and the un-activated control when cured under regime B.
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Figure 6.65. Comparison between the 90-dav pore size distribution for cement paste mixes 
containing activated 100% GGBS or LSS when cured under regime A.
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Figure 6.66. Comparison between the pore size distributions for 90 days cement paste mixes 
containing activated 100% GGBS or LSS when cured under regime B.
According to Mehta and Monmohan (1980), irrespective of the age of hydration and 
water-eement ratio, as long as the specimen of hardened cement paste did not contain 
pores greater than 0.132 pm, its permeability remained insignificantly low. In this 
investigation, the cumulative volume (ml/g) of pores greater than 0.132 pm for the 
different un-aetivated cement paste mixes is presented in Table 6.11. These results 
follow the general trend that was observed in the pore size distributions (Figures 6.43 to 
6.48) and the total porosity results as obtained using MIP (Table 6.8) and vacuum 
saturation (Table 6.6).
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Total Volume of Pores (ml/g) Greater than 0.132 pm for Mixes Cured Under Regime A or B
Age Mix O Mix 30G Mix 30L
(Days) Regime A Regime B Regime A Regime B Regime A Regime B
7 0.103 0.100 0.065 0.059 0.144 0.115
28 0.033 0.032 0.022 0.019 0.085 0.072
180 0.007 0.008 0.007 0.006 0.022 0.015
Table 6.11. Total volume of pores (ml/g) greater than 0.132 um for mixes cured under different
regimes.
The cumulative volume (ml/g) of pores greater than 0.132 pm for cement paste mixes 
containing 100% GGBS or ESS activated using 3% Na2Si03  and 4% CH and cured under 
different regimes is presented in Table 6.12. The volume of pores in mixes containing 
100% GGBS was very small especially when cured under regime B. The results also 
show that the volume of pores of mixes containing 100% LSS are much higher than those 
containing the 100% GGBS. These results confirm the observations made for the pore 
size distributions (Figures 6.59 to 6.62) and the total porosity results as obtained using 
MIP (Table 6.10) and vacuum saturation (Table 6.7).
Total Volume of Pores (ml/g) Greater than 0.132 pm for Mixes Cured 
Under Regime A or B
Age Mix lOOG Mix IDOL
(Days) Regime A Regime B Regime A Regime B
7 0.009 0.003 0.194 0.176
28 0.006 0.002 0.132 0.103
90 0.002 0.001 0.070 0.058
Table 6.12. Total volume of pores greater than 0.132 um for 100% GGBS or LSS mixes activated 
using 3% Na?S:0; and 4% CH and cured under different regimes.
135
Chapter 6: Experimental Results and Diseussion
6.3.3 FRACTURED SURFACE EXAMDJATION
The 180-day mierostrueture of the un-aetivated eement paste mixes was investigated 
using scanning electron microscopy (SEM), Section 5.3.3.4. Figures 6.67 to 6.69 show 
fracture surface images of these un-aetivated mixes when cured under regime B and are 
presented at two levels of magnification, Ik and 5k, in image 1 and 11 respectively. These 
SEM images show the size, shape and distribution of the hydration products formed in 
the different pastes.
Figure 6.67 (D. SEM images o f Mix 
O paste at 1K magnifications.
Figure 6.68 (D. SEM images o f Mix 
30G paste at IK magnifications.
-
? I
Figure 6.67 (II). SEM images o f Mix Figure 6.68 (II). SEM images of Mix 
0  paste at 5K magnifications. 30G paste at 5K magnifications.
Figure 6.69 (I). SEM images of Mix 
30L at IK magnifications.
Figure 6.69 (II). SEM images o f Mix
30L at 5K magnifications.
Figures 6.70 and 6.71 show 90-day mierostruetural images of 100% GGBS eement paste 
mixes activated using 3% NaiSiO] and 4% CH when cured under regime A or B 
respectively. The images are presented at two levels of magnification, Ik and 5k, in 
image 1 and 11 respectively.
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Figure 6.70 (I). SEM images at IK 
magnifications o f Mix lOOG activated by 3% 
Na?SiOi and 4%CH cured under regime A.
10pm
Figure 6.70 (ID. SEM images at 5K 
magnifications o f Mix lOOG activated by 3% 
Na?SiOi and 4%CH cured under regime A.
Figure 6.71 (I). SEM images at IK 
magnifications o f  Mix IQOG activated by 3% 
Na?SiOi and 4%CH cured under regime B.
3#"
10pm
Figure 6.71 (III. SEM images at 5K 
magnifications o f Mix IQOG activated by 3% 
NaiSiOi and 4%CH cured under regime B.
Figures 6.72 and 6.73 show 90-day microstmctural images of 100% ESS cement paste 
mixes activated using 3% NaiSiOg and 4% CH when cured under regime A or B 
respectively. The images are presented at two levels of magnifieation, Ik and 5k, in 
image 1 and 11 respectively.
These SEM images show that whilst the hydration products formed were of similar shape 
to those produced in the activated GGBS mixes (Figures 6.70 11 and 6.71 11) they were 
smaller in size. Finally, the images also show cracks forming in the paste. A further 
example of these cracks is shown in Figure 6.4.
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I
Figure 6.72 (I). SEM images at IK 
magnifications o f Mix lOOL activated by 3% 
NaiSiOi and 4%CH cured under regime A.
Figure 6.73 (I). SEM images at IK 
magnifications o f Mix lOOL activated by 3% 
Na?SiOi and 4%CH cured under regime B.
df\
A
10pm
Figure 6.72 (II). SEM images at 5K 
magnifications o f Mix lOOL activated by 3% 
Na^SiOi and 4%CH cured under regime A.
10pm
Figure 6.73 (II). SEM images at 5K 
magnifications o f Mix lOOL activated by 3% 
NaiSiOi and 4%CH cured under regime B.
6.3.4 CHLORIDE PERMEABILITY
The various concrete mixes were assessed using the rapid chloride permeability 
technique, Section 5.3.3.5.2. The results are represented graphically as the charge passed 
through the specimens over a period of 6-hours. As noted in Section 5.3.3.5.2 values in 
excess of 4,000 coulombs are indicative of an open pore stmcture that is highly 
permeable. Values between 2,000 and 4,000 coulombs indicate moderate permeability 
while values below 2,000 coulombs indicate a closed pore stmcture with low 
permeability. These values provide an index of the permeability characteristics of the 
mixes investigated.
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Figures 6.74 and 6.75 show the results for the un-activated mixes up to an age of 365 
days when cured under regime A or B respectively. These results show a reduction in the 
charge passed for each mix with increasing age. The charge passed show that partial 
replacement of OPC with GGBS generally reduced the charge passed indicating a more 
closed pore structure with lower permeability. This reduction was greater when higher 
levels of OPC replacement were used. Conversely, the addition of LSS increased the 
charge passing through the samples suggesting an open pore structure with a higher 
permeability. This behaviour was more pronounced at higher levels of OPC replacement.
This difference in behaviour between mixes containing 30% GGBS or LSS when 
compared with the OPC control mix, is consistent with the other microstmctural 
properties, i.e. total porosity (Section 6.3.1) and pore size distributions (Section 6.3.2) 
and hydration characteristics (Section 6.2) examined.
10000 1
□  7-Days 
El 90-Days
□  365-Days
8000
6000
4000
SX)
U  2000
Mix o
Figure 6.74. Total charge passed (coulombs) through concrete samples cured under regime A. 
* Experiment had to be stopped after 3.5 hours due to increased temperature.
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Figure 6.75. Total charge passed (coulombs) through concrete samples cured under regime B. 
* Experiment had to be stopped after 3.5 hours due to increased temperature.
The influence of changing the curing regime on the total charge passed through the 
concrete mixes at 7, 90 and 365 days is presented in Figures 6.76, 6.77 and 6.78 
respectively. The results show that the permeability of mixes containing 30% or 50% 
OPC replacement generally decreased at all ages when samples were cured under regime 
B as compared to the corresponding samples cured under regime A. The 7-day results for 
the OPC control mix show a reduction in permeability when cured under regime B. 
However, the permeability of this mix at 90 and 365 days showed an increase when cured 
under regime B. This increase in permeability also observed was for mixes containing 
90% OPC (Mix lOG and lOL), but at all ages.
These results suggest that mixes containing 30% or 50% GGBS or LSS as an OPC 
replacement, favour hot, humid curing (regime B) from the point of view of permeability 
at all ages. However, the results show that mixes containing 90% or 100% OPC 
performed better at later ages (90 and 365 days) when cured at lower temperature (regime 
A). These observations were generally consistent with those found in the hydration 
studies (Table 6.3 and Figure 6.18), total porosity (Table 6.6 and 6.8) and the cumulative 
volume of pores greater than 0.132 pm (Table 6.11).
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Figure 6.76. 7-dav total charge passed (coulombs) through concrete samples cured under regime A 
or B. * Both experiments had to be stopped after 3.5 hours due to increased temperature.
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Figure 6.77. 90-dav total charge passed (coulombs) through concrete samples 
cured under regime A or B.
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Figure 6.78. 365-dav total charge passed (coulombs) through concrete samples
cured under regime A or B.
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Figures 6.79 and 6.80 present the results for concrete mixes activated with various 
percentages of NaiCO] when cured under regime A or B respectively. The results show 
that the addition of 1% NazCOg generally reduced the charge passing through mixes 
containing 30% GGBS or LSS. It was also observed that the 90-day and 365-day results 
for mixes containing 30% LSS were further reduced when 3% of this activator was 
added. This behaviour was not observed in other mixes. It must be remembered that the 
present of an activator can not only influence the development of the mierostrueture but 
can also increase the overall conductivity of the hardened concrete (Section 5.3.3.5.2).
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Figure 6.79. Total charge passed (coulombs) through Na COi activated concrete samples
cured under regime A.
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Figure 6.80. Total charge passed (coulombs) through Na?COi activated concrete samples
cured under regime B.
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Figures 6,81 and 6.82 present the results for concrete mixes activated with various 
percentages of NazSiO] when cured under regime A or B respectively. The results for 
mixes containing LSS follow a general trend that shows a reduction in the charge passing 
with increasing activator dosage. However, no clear trend was observed for the other 
mixes.
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Figure 6.81. Total charge passed (coulombs) through NaiSiOi activated concrete samples
when cured under regime A.
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Figure 6.82. Total charge passed (coulombs) through Na?SiOi activated concrete samples
when cured under regime B.
Figure 6.83 shows the results for 100% GGBS or LSS concrete mixes activated with 3% 
NaiSiOs and 4% CH and cured under regime A or B. The results show a reduction in the 
charge passed with increasing age and curing temperature for both mixes, suggesting a 
decrease in permeability. The results also show that the permeability of the activated 
LSS mixes was higher than that of the GGBS mixes especially at early ages. These
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results are consistent with those found for the total porosity (Table 6.7 and 6.10) and the 
cumulative volume of pores greater than 0.132pm (Table 6.12).
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Figure 6.83. Total charge passed (coulombs) through 100% GGBS or LSS concrete activated using 
3% Na?SiO;and 4% CH when cured under regime A or B.
6.4. DENSITY AND COMPRESSIVE STRENGTH
6.4.1 DENSITY
The saturated surface dry (SSD) density was measured for each cement paste and 
concrete sample. Typical density results are presented in Table 6.13. These values 
represent the average of 3 results with a maximum range of ± 0.01 g/cm^; this shows that 
the density results obtained in this investigation were consistent.
Table 6.13 summarizes the saturated surface dry density measurements for the un- 
activated paste mixes when cured under regime A, up to an age of 365 days. The results 
show that samples containing LSS achieved the highest density. This can be attributed to 
LSS having a higher relative density when compared to OPC and GGBS as shown in 
Table 4.1. The results also show that the density of the samples increased with age. The 
increased density results observed for these mixes (Table 6.13) were consistent with an 
increase in the amount of hydration products formed (Table 6.1) and a decrease in 
porosity (Table 6.6and 6.8).
144
Chapter 6: Experimental Results and Discussion
SSD Density Results (g/cm^) for Paste Mixes Cured Under Regime A.
Age Mix Mix Mix Mix Mix Mix Mix
(Days) O lOG 30G 50G lOL 30L SOL
3 1.90 1.92 1.87 L88 1.92 1.92 1.93
28 1.92 1.94 1.90 1.91 1.96 1.97 1.97
365 1.94 1.95 1.94 1.94 1.97 1.98 1.98
Table 6.13. SSD Density results (g/cmb of paste samples cured under regime A.
Typical 28-day density results for un-activated concrete samples cured under regime A or 
B are presented in Table 6.14. These results show a similar trend to that observed for the 
paste samples. However, the increases observed in the density results were generally less 
than that for the paste samples, this is not surprising as the density of the aggregate 
present in the concrete samples does not change and there is less cement paste present. 
Finally, the density results for the concrete samples showed an increase when samples 
were cured at high temperature. These results were consistent with increased hydration 
activity (Section 6.2) and improved mierostrueture (Section 6.3).
28-Day SSD Density (g/cm^) for Concrete Mixes Cured Under Regime A or B.
Curing MixO
Mix
lOG
Mix
30G
Mix
50G
Mix
lOL
Mix
30L
Mix
SOL
Regime A 2.24 2.21 2 2 0 2 2 4 2 2 4 2 2 6 2.27
Regime B 2J^ 2 2 6 2 2 4 2 2 5 2 2 6 2 2 8 2.29
Table 6.14. Typical 28-dav density (g/em ) of concrete mixes when cured under regime A or B.
Table 6.15 summarizes the 3 and 28-day density results for the 100% GGBS or LSS 
pastes samples activated with different dosages of NazSiOg. The results show a general 
increase in the density with increasing activation dosage and age.
SSD Density Results (g/cm^) for Paste Mixes Cured Under Regime A.
Age
(Days)
Mix Mix 
lOOG- i lOOG-
3%s : s%s
Mix Mix 
lOOG- : lOOG-
8%s : io%s
Mix Mix Mix 
lOOL- lOOL- ; lOOL-
3%S : S%S 8%S
Mix
lOOL-
10%S
3 1.94 1.98 2.00 2.01 2.10 2.10 2.11 2.12
28 1.98 2.01 2T2 2TÜ 2.12 2.12 2.13 2.14
Table 6.15. Density results (g/cm ) of 100% GGBS or LSS cement paste samples activated using 
different dosages of Na?SiOi when cured under regime A.
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Table 6.16 summarizes the results for the 100% GGBS or LSS concrete activated with 
3% NagSiOg and 4% CH and cured as per regime A or B. The results show an increase in 
density with age; however, varying the curing regime seems to have a minimal influence 
on the results. Similar behaviour was observed in the hydration studies (Tables 6.5) and 
microstmctural evaluation for these mixes (Tables 6.7 and 6.10).
SSD Density Results (g/cm^) for Concrete Mixes 
Cured Under Regime A or B.
Age
(Days)
Mix lOOG- 
3S-4CH- 
Regime A
Mix lOOG- 
3S-4CH- 
Regime B
Mix lOOL- 
3S-4CH- 
Regime A
Mix lOOL- 
3S-4CH- 
Regime B
3 Z35 2 3 5 2.40 2 3 9
28 2 3 6 2 3 6 2.41 2.41
Table 6.16. Density (g/cmb of 100% GGBS or LSS concrete activated using 3% Na?SiOi and 4%
CH when cured under regime A or B.
6.4.2 
6.4.2.1
COMPRESSIVE STRENGTH 
Cement Paste Samples
The compressive strength development for un-activated cement paste samples was 
measured up to an age of 365 days. These samples were all cured under regime A. The 
experimental results are presented in Figure 6.84 as the average of 3 values with a 
maximum range of ± 1.0 MPa; this shows that the strength results obtained were 
consistent.
The results show that the ultimate strength (365 days) obtained for mixes containing 
GGBS was higher than the control mix (100% OPC), whereas, the strength at all ages for 
mixes containing LSS was lower than the control. These results were generally 
consistent with the hydration (Section 6.2) and microstmctural characteristics (Section 
6.3) of these mixes.
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Figure 6.84. Compressive strength development for un-activated cement paste samples
cured under regime A.
The influence of OPC replacement with GGBS on the strength results is shown in Figure
6.85. The results are presented as a percentage of the strength of the control mix at the 
same age. There was a general decrease in the rate of strength gain at 3 and 7 days when 
GGBS was used. This decrease was approximately proportional to the level of OPC 
replacement. At 28 days the strength of all mixes containing GGBS was similar to that of 
the control. However, at 180 and 365 days the strength of all mixes containing GGBS 
was higher than that of the control mix. This increase in strength was approximately 
proportional to the level of OPC replacement. The results obtained were similar to those 
found by Wainwright (1989) and the Concrete Society (1991) as presented in Section 
3.9.2.3.
120
100
□ O 
■  lOG
□  30G
□  50G
00
180 365
Age (Days)
Figure 6.85. Relative compressive strength of mixes containing GGBS and that of the control mix 
for cement paste samples cured under regime A.
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The influenee of OPC replaeement with LSS on the strength results is shown in Figure
6.86. The results are again presented as a percentage of the strength of the control mix at 
the same age. The strength of mixes containing LSS was always lower than that of the 
control mix. The reduction of strength increased with increasing levels of OPC 
replaeement. This decrease was proportional to the level of OPC replacement at ages of 
3 and 7 days. However, at ages of 28 days and above, the reduction of strength was less 
than would be suggested by the proportion of OPC replacement. This is illustrated by the 
relative strength of mixes containing 30 or 50% LSS reaching 94% and 80% of the 
strength of the control respectively at an age of 365 days.
%
□  30L
□  50L
Age (Days)
Figure 6.86. Relative compressive strength of mixes containing LSS and that of the control mix for 
cement paste samples when cured under regime A.
The strength development for cement paste mixes containing 100% GGBS (Mix lOOG) 
and activated with 3, 5, 8 or 10% Na2Si03  is presented in Figures 6.87. The results show 
an increase in strength with increasing activator dosage up to and including 8%, whereas, 
the strength for the mix activated with 10% NaiSiOs was less than that for the mix 
activated with 8% NaiSiOg. This suggests that the optimum activation dosage for this 
mix from a strength point of view is in the range of 8 to 10% Na2Si0 3 . This was also 
seen in work carried out by Shi and Day (1996) who found that the strength of alkali 
activated slag also increased with increasing activation dosage up to 8% when hydrated 
at room temperature (Section 3.8.6.2.4).
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Figure 6.87. Influence of Na?S:Oi dosages on the compressive strength development for 100% 
GGBS cement paste samples cured under regime A.
The strength development for cement paste mixes containing 100% LSS and activated 
with 3, 4, 5, 8, 10% NaiSiOs is presented in Figure 6.88. The results show, as was the 
case with paste containing 100% GGBS, an increase in strength with increasing activator 
dosage up to and including 8%. However, the strength for the mix activated with 10% 
NaiSiOg was less than that for the mix activated with 8% NaiSiOg. This suggests that the 
optimum activation dosage for this mix from a strength point of view is in the range of 8 
to 10% NaiSiO]. It should be home in mind that the maximum 28-day strength for 
activated mixes containing 100% GGBS was more than 3 times higher than the 
equivalent 100% LSS mix.
30  -1
100L-4S100L-3S
100L-8S100L-5S25 -
 lOOL-lOS
a
Age (Days)
Figure 6.88. Influence of Na?SiOi dosages on the compressive strength development for 100% LSS
cement paste samples cured under regime A.
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6A.2.2 Concrete Samples
The compressive strength development for un-activated concrete samples cured under 
regime A or B is presented in Figures 6.89 and 6.90 respectively and is partially 
summarized in Table 6.17. These results are an average of 2 measurements having a 
maximum range of ± 1.0 MPa, this shows that the results obtained were consistent.
The results obtained for concrete mixes cured under regime A (Figure 6.89) show that the 
trend of strength development for concrete mixes was generally similar to that of the 
corresponding pastes (Figure 6.84). The results also show that the ultimate strength (365 
days) obtained for mixes containing GGBS was higher than the control mix (100% OPC), 
whereas, the strength at all ages for mixes containing LSS was lower than the control. 
These results were generally consistent with the hydration (Section 6.2) and 
microstmctural characteristics (Section 6.3) of these mixes.
Upon close examination, the compressive strength (Figures 6.89 and 6.90) for the un- 
activated concrete mixes was found to be inversely proportional to the total porosity of 
the corresponding mixes (Figures 6.40 and 6.41). For example, the mix containing 50% 
LSS had the lowest strength and the highest porosity at 7 days. With increasing age 
and/or curing temperature, the strength of this mix increased whilst the porosity 
decreased.
).0 -r
60.0 --
40.0 --
— O lOG 3 0 0 5 0 0
20.0 - J —*— lOL 30L
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50 100 150 200
AGE ( Days)
250 300 350 400
Figure 6.89. Compressive strength development for un-activated concrete samples cured under
regime A.
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Figure 6.90. Compressive strength development for concrete samples cured under regime B.
Compressive Strength (MPa) for Concrete Mixes.
Age Mix O Mix 30G Mix 30L
(Days) Regime A Regime B Regime A Regime B Regime A Regime B
7 50.4 5E8 4&6 51.2 3 7 2 41.2
28 56.4 57.0 5C0 6 0 2 45.2 51.0
180 66.8 65.0 6^ 6 7 3 2 60.7 64.5
Table 6.17. Compressive strength development for concrete samples cured under different regimes.
When comparing the strength development for cement paste and concrete mixes it was 
observed that generally the strength o f the concrete mixes was higher than that o f the 
corresponding paste at 3 and 7 days. Conversely, at ages o f 28 days and above, the 
strengths o f  the paste mixes were higher. This may be attributable to the strength o f the 
aggregate particles in the concrete mixes dominating its strength behaviour at early ages, 
whereas, at later ages as the paste hardens the strength may primarily be limited either by 
the aggregate-paste bond or the ultimate strength o f the aggregate.
The strength development for concrete mixes cured under regime B, Figure 6.90, shows a 
similar trend to the corresponding mixes cured under regime A, Figure 6.89. A closer 
examination o f the influence o f curing regime on the compressive strength o f  concrete 
mixes containing GGBS or LSS is presented in Figures 6.91 and 6.92 respectively. The 
results presented in these figures show the relative strength values o f each concrete mix
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when cured under regime B (35°C) to its corresponding mix cured under regime A 
(20°C) and tested at the same age. For example, a value o f 110% indicates an increase in 
strength o f  10% when the mix was cured under regime B as apposed to if  it had been 
cured under regime A.
The results show that at 3, 7 and 28 days the strengths for all concrete mixes increased 
when samples were cured under regime B as compared to when cured under regime A. 
This increase in strength was approximately proportional to the level o f OPC 
replaeement, i.e. mixes containing 30 or 50% GGBS or LSS showed the highest strength 
increase. The strength o f the concrete mixes containing 30 or 50% OPC replaeement 
continued to increase after 28 days. Conversely, the strength o f mixes containing 90 or 
100% OPC was slightly reduced after 28 days. Therefore, it could be said that the use o f 
concrete mixes containing 30% to 50% GGBS or LSS as an OPC replacement and cured 
in a Mediterranean environment (curing regime B) is beneficial from a strength 
viewpoint.
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Figure 6.91. Relative compressive strength for concrete mixes containing different levels of GGBS 
cured under regime B as compared to when cured under regime A.
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Figure 6.92. Relative compressive strength for concrete mixes containing different levels of LSS 
cured under regime B as eompared to when cured under regime A.
The compressive strength development for concrete mixes containing 100% OPC (Mix 
O) or 30% OPC replacement (Mix 30G or 30L respectively) when activated using 
different dosages o f NaiCO] and cured under both regimes, was investigated up to an age 
o f 365 days. A typical set o f results at an age o f 28 days, are shown in Figures 6.93 and 
6.94 for mixes cured under regime A or B respectively.
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Figure 6.93. 28 dav strength results for Na?COi activated mixes cured under regime A.
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Figure 6.94. 28 Days strength results for N^CO, activated mixes cured under regime B.
The compressive strength development for concrete mixes containing 100% OPC (Mix 
O) or 30% OPC replacement (Mix 30G or 30L) when activated using different dosages of 
NaiSiO] and cured under both regimes, was investigated up to an age of 365 days. A 
typical set of results at an age of 28 days, are presented in Figures 6.95 and 6.96 for 
mixes cured under regime A or B respectively.
Upon examination of the results presented in Figures 6.93 to 6.96, it was found that there 
is generally no great advantage, from a strength point of view, of using these activators 
with mixes containing OPC. The results also show that the strength of mixes containing 
3% of these activators was always lower than the equivalent un-activated mix.
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Figure 6.95. 28 days strength results for Na^SiOi activated concrete mixes cured under regime A.
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Figure 6.96. 28 Days strength results for Na^SiO  ^activated concrete mixes cured under regime B.
The strength development for concrete mixes containing 100% GGBS or LSS activated 
with 3% NaiSiO] and 4% CH eured under different regimes are presented in Figure 6.97 
and is partially summarized in Table 6.18. The results show the rapid strength gain for 
activated mixes containing 100% GGBS when compared with those containing 100% 
LSS. The results also show an increase in strength values when all of these mixes were 
eured at higher temperatures.
The strength development for mixes containing 100% LSS was very small at ages up to 
28 days (Figure 6.97). However above 28 days, the slopes of the strength development 
curves for these mixes exhibited greater increases, indicating a 46% and 75% increase in 
strength in the period of 28 to 90 days when samples were eured under regime A and B 
respectively. This increase in strength coincides with the continued reactivity of the LSS 
after 28 days (Figure 6.23 and 6.38).
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Figure 6.97. Compressive strength development for 100% GGBS or LSS concrete activated using 
3% Na?SiOi and 4% CH and cured at different regimes.
Compressive Strength (MPa) for Concrete Mixes Cured Under Regime A or B.
Age Mix lOOG Mix lOOL
(Days) Regime A Regime B Regime A Regime B
7 47.5 51.0 13.7 15.4
28 55^ 61.4 14.4 18.0
180 6T6 7 1 0 21.0 31.4
Table 6.18. Compressive strength development for 100% GGBS or LSS concrete activated using 3% 
Na?SiOi and 4% CH and cured at different regimes.
Figures 6.98 and 6.99 present a summary of the strength results for concrete mixes 
containing 30, 50 or activated 100% GGBS when cured under regime A or B 
respectively. These figures present the strength of these mixes as a percentage of the 
strength of the control mix at each age. Upon examination of the results, it was found 
that mixes containing 100% GGBS activated with 3% NaiSiOg and 4% CH achieved a 
strength level that was similar to that of the control mix at 3 days. This strength value 
was higher than that reached by mixes containing 30 or 50% GGBS. This suggests that 
from a strength viewpoint at very early ages (3 days) it is advantageous to use activated 
concrete mixes containing 100% GGBS. However, after 3 days the strength results were 
generally similar for all mixes containing GGBS. This indicates that there is no great 
advantage, from a strength point of view, to using activated 100% GGBS concrete mixes 
when eompared to mixes containing 30 to 50% GGBS. Moreover, when this is coupled 
with the fact that activated 100% GGBS mixes attained lower setting times and
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workability (Section 6.1.1 and 6.1.2 respectively), it can be said that from a practical 
viewpoint the use of this mix may actually be disadvantageous.
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Figure 6.98. Relative compressive strength for concrete mixes containing GGBS to that of the 
control mix (cured under regime Al. * Mix activated using 3% Na^SiOi and 4% CH.
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Figure 6.99. Relative compressive strength for concrete mixes containing GGBS to that of the 
control mix (cured under regime B). * Mix activated using 3% Na?SiOi and 4% CH.
Figures 6.100 and 6.101 present the relative strength results of concrete mixes containing 
LSS when cured under regime A or B respectively. These figures show the strength of 
these mixes as a percentage of the strength of the control mix at each age. The results 
show that the strength of activated mixes containing 100% LSS were very low at all ages 
when compared to the strength achieved by the control mix. The results also show that 
the use of 30% LSS as an OPC replacement achieved strength values comparable to those 
of the control mix after 28 days especially when cured under regime B.
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Figure 6.100. Relative compressive strength for concrete mixes containing LSS to that of the control 
mix (cured under regime A). * Mix activated using 3% Na?SiO  ^and 4% CH.
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Figure 6.101. Relative compressive strength for concrete mixes containing LSS to that of the control 
mix (cured under regime B). * Mix activated using 3% Na^SiO  ^and 4% CH.
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The characteristics of cement paste and concrete mixes incorporating Steel Slag produced 
in Libya (LSS) or Ground Granulated Blastfurnace Slag (GGBS) as a Portland cement 
replacement material has been investigated. The influence of two different curing 
regimes on the hardened properties of these mixes was assessed, as was the feasibility of 
improving the properties under investigation by using commercially available chemical 
activators. The main findings and conclusions are presented under the following 
headings.
7.1. FRESH PROPERTIES
The following conclusions were drawn from the setting time investigation and slump test 
results:
For mixes containing GGBS or LSS as a partial replacement for OPC, it was found that:
• Setting times and slump values were increased when compared to the 100% OPC 
control mix. The increased slump indicates that the water demand for these mixes 
is lower than that of the 100% OPC control mix.
• The addition of chemical activators to mixes containing OPC shortened the 
setting times and decreased slump values, in comparison to when no activator was 
added.
• Mixes activated with 3% or more of these activators exhibited very low slump 
values even when the maximum dosage of superplasticiser was used.
For mixes containing 100% GGBS and activated using NazSiOg it was found that:
• Setting time was shortened with increasing activator dosage. The addition of lime 
(CH) was found to be beneficial in offsetting this effect.
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• These mixes exhibited no slump. However, it was possible to compact them 
under the influence of vibration and this allowed them to be placed and 
compacted satisfactorily.
For mixes containing 100% LSS and activated using Na2Si03  it was found that:
• Flash set took place if the activator dosage used was 4% or more.
• A workable mix could be produced without the need for superplasticiser when 3% 
Na2Si03  was used in conjunction with 4% CH.
7.2. HYDRATION CHARACTERISTICS
The following conclusions may be drawn from the investigation of the hydration studies
made using thermogravimetric (TG) and x-ray diffraction analyses (XRD).
For mixes containing GGBS or LSS as a partial replacement for OPC it was found that:
• The hydration of the different cement pastes developed at different rates. The rate 
of hydration changed when GGBS or LSS was used as an OPC replacement.
• The early age (12-hour) reactivity of the GGBS particles was lower than that of 
the OPC. However, with increasing age and curing temperature, the reactivity of 
the GGBS particles tends to increase, leading to the formation of a greater volume 
of hydration products in the long-term.
• The reactivity of the LSS particles seems to follow a similar trend to those of the 
GGBS. However, the LSS particles were less reactive than those of the GGBS 
due to the low glass content and the presence of relatively large particles in the 
LSS.
• When 30% of the OPC was replaced by GGBS or LSS, there was a reduction in 
the amount of hydration products produced at 12 hours. This reduction was most 
pronounced when LSS was used. However, at 180 days, mixes containing 30% 
OPC replacements (Mix 30G and 30L) produced more hydration products than 
the 100% OPC control mix.
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• Mixes containing 30% GGBS or LSS favour curing under regime B, whereas the 
100% OPC control mix favoured curing under regime A.
• The results suggests that the addition of chemical activators to mixes containing 
OPC may have a negative influence on the hydration at later ages and therefore 
should be avoided.
• The presence of GGBS increased the amount of CH produced by the OPC up to 
an age of 28 days. However, from 28 days onwards the amount of CH present 
decreased due to the pozzolanic reaction of the GGBS. This pozzolanic reaction 
was more pronounced when GGBS mixes was cured at higher temperature.
• The addition of LSS as a partial replacement of the OPC increased the amount of 
CH produced by the OPC up to an age of 28 days. However, the amount of 
excess CH reduced with time suggesting the presence of some pozzolanic activity 
in the LSS mixes.
For mixes containing 100% GGBS or LSS activated with 3% Na2SiOs and 4% CH it was 
found that:
• There was an increase in the amount of hydration products formed with age and 
increasing curing temperature.
• Mixes containing activated 100% GGBS produced more hydration products at 12 
hours when compared to all other mixes.
• There was some evidence of continued reactivity of LSS after 28 days. However, 
this reactivity was less than that of the GGBS.
7.3. MICROSTRUCTURAL CHARACTERISTICS
The following conclusions may be drawn from the investigation of the microstructural 
properties using vacuum saturation, mercury intrusion porosimetry (MIP) and rapid 
chloride permeability methods.
For mixes containing GGBS or LSS as a partial replacement for OPC it was found that:
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The porosity and permeability decreased with age suggesting the development of 
a cement matrix that may better resist the ingress of aggressive ions.
Mixes containing GGBS as a partial replacement of OPC exhibited a general 
reduction in porosity and permeability at all ages. This reduction was greater 
when higher levels of OPC replacement were used.
The partial replacement of OPC with LSS significantly increased the 7-day 
porosity and permeability. This behaviour was more pronounced at higher levels 
of OPC replacement. However, both properties decreased with continued curing 
to approach values similar to those of the 100% OPC control mix at later ages.
Mixes containing 30% or 50% GGBS or LSS as an OPC replacement, favour hot, 
humid curing (Regime B) from the point of view of porosity and permeability at 
all ages. Conversely, both properties increased at later ages for mixes containing 
90% or 100% OPC when cured under this environment as compared to when 
cured in the fog room.
The addition of chemical activator had mixed influences on the micro structural 
characteristics for mixes containing OPC. The porosity of all mixes containing 
OPC increased when chemical activators were added. However, the permeability 
generally improved with the addition of 1% or 3% NaiCOg or NazSiOs for mixes 
containing 30% GGBS or LSS.
For mixes containing 100% GGBS or LSS activated with 3% NaiSiOg and 4% CH it was 
found that:
• The porosity and permeability was reduced with age and increasing curing 
temperature. However, both properties were higher for LSS mixes in comparison 
with those of GGBS mixes especially at early ages.
• The activated 100% GGBS mixes achieved a significant proportion of their 
ultimate properties within a short time period when compared to the 100% OPC 
control mix. In contrast, the less reactive LSS achieved poor short-term
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properties, however, these properties improved with continued curing and 
approached values similar to those of the 100% OPC control mix.
• The activated 100% GGBS mix had a similar total volume of pores when 
compared to that of the 100% OPC control mix. However, the majority of pore 
volume present in this mix was made up pores smaller than 0.03 pm radius when 
compared to the OPC control, which has a large percentage of its pores with a 
radius greater than this value.
• The pores within the activated 100% LSS mix were much greater in volume and 
size when compared with both the 100% OPC control and the activated 100% 
GGBS mixes.
7.4. DENSITY AND COMPRESSIVE STRENGTH
The following conclusions were drawn from the density and compressive strength
measurements:
For mixes containing GGBS or LSS as a partial replacement for OPC it was found that:
• There was a general increase in saturated surface dry density with age and 
increasing curing temperature in all mixes.
• The presence of LSS increased the density. This can be attributed to LSS having 
a high iron content and relative density when compared to OPC and GGBS.
• The strength of mixes containing 30 or 50% OPC replacement was less than that 
of the 100% OPC control mix at early ages. However, these mixes showed higher 
levels of strength development at later ages.
• Hot, humid curing environment has a beneficial influence on the strength 
development of mixes containing high levels of GGBS and LSS as an OPC 
replacement material.
• There is generally no great advantage, from a strength point of view, of using 
chemical activators with mixes containing OPC. The results also show that the
163
Chapter 7: Conclusions
strength of mixes containing 3% or more of these activators were always lower 
than the equivalent un-activated mix.
For mixes containing 100% GGBS or LSS and activated with NaiSiOg it was found that:
• The density of these mixes showed a general increase with increasing activation 
dosage and age. However, varying the curing regime seems to have a minimal 
influence on density.
• The strength development for these mixes suggests that the optimum activation 
dosage from a strength point of view is in the range of 8% to 10% Na2Si0 3 .
A comparison of the compressive strength development for mixes containing different 
levels of GGBS showed that the use of 100% GGBS mix activated with 3% Na2Si03  and 
4% CH achieved the highest strength at 3 days. However, the strength results after 3 
days were generally similar for this mix and those un-activated mixes containing 30% or 
50% GGBS as an OPC replacement.
The strength of mixes containing different levels of LSS showed that the use of 100% 
LSS activated with 3% Na2Si03  and 4% CH were very low at all ages when compared to 
the strength achieved by the control mix. The results also show that the use of 30% LSS 
as an OPC replacement achieved results comparable to the control after 28 days 
especially when cured under regime B without the aid of an activator.
7.5. POTENTIAL USE OF LSS AS A PORTLAND 
CEMENT REPLACEMENT MATERIAL
The results obtained from this study have established the major characteristics of the two 
slags investigated. Whilst the GGBS was proved to have sufficient hydraulic activity, the 
reactivity of the LSS particles was found to be very slow especially at early ages. The 
slow reactivity of LSS was due to its physical and chemical properties especially its low 
glass content. Although the later age properties of the cement paste and concrete mixes 
containing LSS were acceptable, the slow reactivity of this material at early ages is a 
major disadvantage to its commercial use in its current form.
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FUTURE WORK
Upon completing this research programme, it was decided that the following areas would 
benefit from further study.
8.1. IMPROVING THE REACTIVITY OF LSS.
• It was confirmed in this study that the low glass content of the LSS was a setback 
to its potential use as a cement replacement material. Therefore, it is 
recommended to try to increase the glass content of this material by rapid 
quenching.
• The presence of relatively large particles in LSS suggests that further sieving 
could be beneficial with respect to the reactivity.
• Methods of reducing the high iron content of LSS should be investigated in order 
to improve the reactivity of this material.
8.2. THE USE OF GGBS OR LSS AS AN OPC 
REPLACEMENT.
• Investigate the water requirement of mixes containing GGBS or LSS and change 
the water-cementitious material ratio accordingly.
• Investigate the use of LSS in combination with GGBS and OPC in a ternary 
blend.
• Investigate the replacement of OPC with LSS on a volume basis.
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8.3. THE USE OF ACTIVATED 100% GGBS MIXES.
• Investigate the properties in the time period up to 7 days.
• There is a need to examine the durability of activated GGBS mixes with respect 
to ASR, sulphate attack and the corrosion of embedded steel.
Optimise superplasticiser type and dosage.
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APPENDIX A. RELATIVE DENSITY
The relative density measurements of the eementitious materials investigated were 
obtained using Helium Auto-Pycnometry. The experimental method and results are 
presented, as well as the influence of OPC replacement with an equal weight of LSS, on 
the volume based water-cementitious ratio.
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A .l HELIUM AUTO-PYCNOMETRY
The helium pycnometer is a device that employs the ideal gas law to measure the solid 
volume of a material. This technique takes advantage of the fact that helium flows 
rapidly into most pores without interacting with the active components of the cement 
contained in the sample (Feldman 1971). Knowing the mass and the volume of the 
sample, it is possible to calculate the relative density.
The cement powder investigated was initially oven-dried at 110°C until stable mass was 
achieved. The density of an approximately lOg pre-dried sample was then measured 
using a Micromeritics Helium Auto-Pycnometer, Model 1330 VI.02 (Figure A.l). The 
instrument works by having a sample chamber and expansion chamber, both of known 
volume. Before starting the test, the samples were weighed and then placed in the sample 
chamber, its weight stored in the memory of the computer associated with the machine.
During the test, helium under pressure is admitted into the sample chamber, the helium 
fills the sample chamber and the sample pores to a known pressure. The sample chamber 
is then connected to the expansion chamber, which is at ambient pressure. As the helium 
moves into the expansion chamber, the pressure of the two chambers equilibrates to an 
intermediate value. As the volumes of both chambers and the gas pressure is known, the 
skeletal volume of the sample is calculated by the associated computer.
Figure A .l. Micromeritics Helium Auto-Pycnomctcr used for relative density determination.
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A.2 RELATIVE DENSITY RESULTS:
Run
No.
OPC
Mas Velum S.G.
GGBS
Mass Volu S.G.
LSS
Mass Velum S.G.
1
2
3
4
5
Average
10.00 
10.00 
10.00 
10.00 
10.00 
10. 00
3.1322
3.1378
3.1526 
3.1434
3.1527 
3.1438
3.1926
3.1870
3.1720
3.1812
3.1718
3.1809
10.00 
10.00 
10.00 
10.00 
10.00 
10. 00
3.2993
3.2826
3.3004
3.3171
3.3300
3.3059
3.0310
3.0463
3.0299
3.0147
3.0030
3.0250
10.00 
10.00 
10.00 
10.00 
10.00 
10. 00
2.7562
2.7644
2.7705
2.7657
2.7680
2.7649
3.6282
3.6175
3.6095
3.6157
3.6127
3.6167
A.3 EFEECT OF THE RELATIVE DENSITY OF LSS ON THE 
VOLUME BASED WATER-CEMENTITIOUS RATIO:
The relative density of LSS is about 13.7% higher than that of OPC, thus, when LSS is 
used as equal mass replacement for OPC, the change in the volume based W/C ratio can 
be calculated as follows:
(W/Den.) Equation A.l
Where:
V
w
Den
= Volume (ml), 
= Mass (g), and 
= Density (g/cc)
(Vopc) /  ( V l s s )  — (Wopc/ Denopc) /  ( W l s s /  D c i i l s s ) Equation A.2
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When equal mass replacement is used, then Equation A.2 becomes
( V o p c )  /  ( V l s s )  =  (DenLss /  D enopc) Equation A.3
( V o p c )  /  ( V l s s )  = (3.6167/ 3.1809) = 1.14
V l s s  ~  V q p c  /  1.14 Equation A.4 
When ealculating volume based W/C ratio
W /C  =  (Vwater)/(Vcem entitious Materials) Equation A.5
W/C =  (V w ater)/ (OPC Content * V qpc +  LSS Content *Vlss) Equation A.6
W/C = ( V w a t e r ) / ( O P C  Content * Vqpc+ LSS Content * Vqpc/L14)
Equation A.7
When considering OPC replaeement level of 30% by an equal weight of LSS,
Volume based W/C =  (Vwater)/(0.7 * Vopc+ 0.3 * V q p c /1 .1 4 )  =  (Vwater)/(0.96 * Vopc)
Therefore, for 30% equal weight of OPC replacement by LSS, a 3.8% increase in the 
Volume based W/C is expected. Similarly, for a 50% or 70% OPC replacement with 
LSS, the expected increase in the volume based W/C is 6.5% and 9.4% respectively.
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APPENDIX B. GLASS CONTENT
The glass content (G.C.) for GGBS and LSS were determined in accordance to BS 6699: 
1992 using XRD.
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The ratio of the integrated intensity arising from the glassy materials (i.e. the area of the 
hump) to the total integrated intensity (i.e. the area above the linear background) is a 
measure of the glass content of the slag (BS 6699 1992).
The glass content (G.C.) for both GGBS and LSS was determined in aceordance to BS 
6699 1992 using an X-Ray Diffractometer. The analysis was carried out in the 
Department of Mechanical and Materials Engineering of the University of Surrey. The 
test results are shown in graphical form in this appendix. The calculation was made in 
accordance to the following equation:
W  - WG.C.= (— ----- —)xlOO Equation B.l
Where:
Wt = Total area size representing both the glass and crystalline
compounds, and
Wc = Area size representing the crystalline compounds.
Both areas were measured electronically from the XRD traces. The traces for the GGBS 
and LSS are presented in Figures A and B respectively.
B .l GLASS CONTENT OF GGBS:
Total area range: 23.20 to 38.70
Total area size: 48636 counts
Crystalline area range: 30.60 to 32.15
Crystalline area size: 1149 counts
Glass Content = 98%
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B.2 GLASS CONTENT OF LSS:
Total area range: 25.60 to 40.70
Total area size: 44557 counts
Crystalline area range: 30.90 to 34.80 and 34.95 to 37.95
Crystalline area size : 19145 counts,
Glass Content = 57%
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in
o
CN
CN
<a
£
S’a
O  O =  C — m
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_  o
ga
O  O =  C — cn
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APPENDIX c . MIX DESIGN
Mix designs and proportions in accordanee with the Building Research Establishment 
Design of normal concrete mix (1997) are presented. The appendix also includes the 
calculation for determining the weight of the chemical activator.
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C .l INTRODUCTION
The mixes were designed in accordance with the Building Research Establishments 
design of normal concrete mixes (1997) for the 100% OPC control mix. The following 
assumptions were made.
□ Ordinary Portland Cement (OPC) will be used as a eementitious material;
□ The free water/cement ratio (w/c) was 0.4,
□ The cement content (c) was 400kg/m^,
□ Unerushed aggregate of 10mm maximum size,
□ 68% of fine aggregates pass the 600 // m sieve, and
□ The absorption rate for the 10 mm aggregate and the sand was 3.8% and 1.9% 
respectively.
□ A simple approach has been adopted which involves partial replacement of the 
Ordinary Portland Cement (OPC) used in the 100% OPC control samples (Mix 
O), with an equal weight of GGBS (Mix G) or LSS (Mix L). The levels of OPC 
replacement were 10%, 30% 50% or 100%.
C.2 MIX PROPORTION
DETERMINATION OF FREE-WATER CONTENT:
The free-water content (Wfw) was determined from the following equation:
Wfw =  Wc X W /C  Equation C.l
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Where:
Wfw = Free water content (kg//m^);
Wc = Cement content (kg//m^); and
W/C = Free water/eement ratio.
Wfw = 400 X 0.4 = 160kg/m^
DETERMINATION OF THE TOTAL AGGREGATE CONTENT:
This was stage of the mix design requires an estimate of the density of the fully 
compacted concrete which was obtained from figure 5 depending upon the free-water 
content and the relative density of the combined aggregate, which was assumed to be 2.6 
for uncrushed aggregate and 2.7 for crushed aggregate.
So the density of concrete, with 160kg/m^ free water contents and 2.6 relative density of 
unerushed aggregate, was 2400kg/m^.
From this estimated density of the concrete the total aggregate content was determined by 
the following equation:
Wfa — D - Wc - Wfw Equation C.2
Where:
Wta =Total aggregate content (kg/m^);
D =Wet density of concrete (kg/m^);
Wc =Cement content (kg/m^); and
Wfw = Free-water content (kg/m^).
Wta = 2400 - 400 - 160 = 1840 kg/m^
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SELECTION OF FINE & COARSE AGGREGATE CONTENT:
At this stage it was decided how mueh of the total aggregate should consist of sand. Fig 
6 shows recommended ranges for the proportion of fines depending on the maximum size 
of aggregate, the workability level, the grading zone of the fine aggregate and the free 
water/cement ratio. So; for 10mm maximum aggregate size, 60-180 mm slump, 60% of 
fine aggregate passing the 600//m  sieve and 0.4 free water/cement ratio; the proportion 
of fine aggregate was 48 %.
The fine aggregate content was calculated from the equation, these masses are for the 
saturated surface dry condition (S.S.D.).
Wfa =  Wta X s Equation C.3
Where:
Wfa = Fine aggregate content (kg/m^);
Wta = Total aggregate content (kg/m^); and
s = proportion of fine aggregate .
Wfa = 1840 * 0.48 = 883.2kgW
The eoarse aggregate content was calculated from the equation, these masses are for the 
oven dry condition.
Wca~ Wta “ Wfa Equation C.4
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Where:
Wca = Coarse aggregate content (kg/m^);
Wfa = Fine aggregate content (kg/m^); and
Wta = Total aggregate content (kg/m^).
Wea = 1840-883 .2=  956.8 kg/m^
TOTAL WATER CONTENT:
Whv =  Wfw +  Waw Equation C.5
W f w  =  Wfw + 0.038 *(Wea/1.038) + 0.0152 *(Wfa/1.0152) Equation C.6
Where:
Wtw = Total water content (kg/m^);
W fw = Free water content (kg/m^);
Waw = Absorbed water content (kg/m^);
Wca = Coarse aggregate content (kg/m^);
W fa = Fine aggregate content (kg/m^); and
Wfw = 160 + 0.038 * 956.8 + 0.0152 * 883.2 = 213 kg/ m'
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SUMMARY OF THE MIX PROPORTIONS FOR THE 100% OPC 
CONTROL MIX.
Cement Content = 400 kg/m^;
Free Water Content =160 kg/m^;
Fine Aggregate Content = 883 kg/m^;
Coarse Aggregate Content = 957 kg/m^; and 
Total Water Content = 213 kg/m^.
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C.3 ACTIVATOR WEIGHT
Activator dosages were given as a % ofNaiO based on the mass of GGBS or LSS present 
in the mix. Therefore, the following calculations were made to convert the % of Na20 
into an equivalent weight ofNazCOg or NaiSiOg.
SODIUM CARBONATE
The following calculations were based on the atomic weights of Na2C03  components: 
Na2C03 = 2*22.9898 + 12.011 + 3*15.9994 = 105.9888 
Na20 = 2*22.9898 + 15.9994 = 61.979 
Na20/Na2C03 = 0.58477
Hence, for example, for a mix containing lOOg of GGBSF or LSS activated with 3% 
Na20.
The weight of Na20 (W Naao) = 100*0.03 = 3g,
The equivalent weight of Na2C03  (W^azcos) was then calculated as follows:
W Nazcos — Wnhzo / 0.58477
w NazC03 “ 5.13 g
2 0 0
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SODIUM SILICATE
Aecording to the manufacture (CROSFIELD Ltd 2000), the mean Na20% content in 
Na2SiOs is 27 %.
Henee, for example, for a mix containing 840g of GGBS or LSS and 5% Na20 activation 
dosage.
The weight of Na20 needed was = 42g, and the equivalent weight of Na2Si03  (WNazsiOs) 
were caleulated as follows:
W NazSiOs W Nazo/ 0.27
w NazSiOz 155.56 g
2 0 1
